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Carbon-13 nmr spectra of an extensive series of 


M(CO) , (ER3), and M(CO) , (SiMe 1 derivatives (M = Fe, 


eine n)2 
Ru, Os; E = Si, Ge, Sn, Pb; R = organic group; n = 1-3) 
have been recorded. These compounds may exist in solution 
as cis, trans, or as a mixture of cis and trans isomers. 

3¢ nmr spectra have been used to distinguish among these 
possibilities. 


Spin-spin coupling or selective enrichment with ECO 


in cis derivatives led to the assignment of the 1300 
resonance at higher field as the equatorial carbonyl group. 
Most cis isomers conformed to this generalization although 
exceptions have been found for some iron complexes. 

Variable temperature rate nmr has demonstrated the 
stereochemically nonrigid behavior of a number of cis 
derivatives, which show Be emeataroria! carbonyl averaging 
vta the trans isomer. The barrier for this process is 
lowest for iron derivatives. 

Preservation of ligand atom-ligand atom and ligand 
atom-metal atom spin-spin coupling in the high temperature 
limiting spectrum of a number of iron derivatives established 
the intramolecular nature of the carbonyl rearrangement 
process. 


The chelates M(CO) ,SiMe,CH,CH,SiMe, (M = Fe, Ru, and 


4 Cee 2 


Os) were prepared from HSiMe,CH,CH,SiMe,H and the 
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corresponding binary carbonyls. These compounds showed 
no axial-equatorial carbonyl averaging. 

ride nmr of cis-M(CO) 4X, and M' (CO) _X derivatives 
(M = Fe, Ru, Os; M' = Mn, Re; X = H and I) have proven 
the stereochenmecliy nonrigid behavior of ets-Fe (CO) ,H, 


and the rigid behavior of the rest. 


A possible explanation for the dynamic behavior of 


these six-coordinate complexes is presented. 
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CHAPTER I 
INTRODUCTION 

Transition metal carbonyl chemistry began in 1890 with 
the A ercismntence: of nickel tetracarbonyl.? However, a 
systematic investigation of metal carbonyl derivatives 
did not start until much later. Perhaps the "fabulous 
fifties" could be considered as a turning point. The 
availability of infrared, nuclear magnetic resonance and 
mass spectrometers as well as advances in X-ray crystallo- 
graphy were major factors in the development of transition 
metal carbonyl chemistry. 

A comprehensive guide to the literature covering the 
years 1950-1970 has appeared. It has been estimated that 
over 2500 new papers appear each year in the field of 
organotransition metal stenuigivep © and an unknown but 
certainly substantial fraction would involve metal 
carbonyls. 

A number of exhaustive reviews on metal carbonyls has 
been einiianean o however, the task of writing such a 
review is becoming increasingly difficult. Annual surveys 
and subject reviews are now appearing in such publications 
as the "Journal of Organometallic Chemistry" and "Advances 
in Organometallic Chemistry." Complete coverage of the 
literature would be beyond the scope of this thesis, and 
only selected topics, related to the work presented here, 


will be discussed. 
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The following sections of the Introduction will deal 
first with the bonding, stability, and structure of 
transition metal carbonyls, in particular those of iron, 
ae heninmend osmium, and secondly with the stereochemical 


nonrigidity of these derivatives. 





1. Bonding and Stability of Transition Metal Carbonyl 


Derivatives 


Bonding of the CO molecule to a transition metal is 
generally considered to involve two mechanisms: firstly, 
a o-bond is created by electron donation from the carbonyl 
50 orbital to the unfilled metal orbitals, and secondly, 

a mt-bond is created by electron donation from the filled 
metal d-orbitals to the unfilled 21 carbonyl orbitals. 
Examination of overlap populations shows that both the 
50 and 27 orbitals are antibonding in character. 

Electron donation from 50 will strengthen the carbon- 
oxygen bond, while electron donation to the 27 will weaken 
the bond. In other words, competition between the two 
bonding processes will determine the carbon-oxygen bond 
strength. ’ Since the carbon-oxygen bond strength is 
related to its stretching force constant, variations in 
force constants should reflect changes in the metal- 
carbon bond. 

Other kinds of transition metal-carbon o-bonds, such 
as those involving methyl or phenyl groups, were formerly 
considered the simplest and thermodynamically least Setelan” 
However, the synthesis of quite a few alkyl and aryl 
derivatives of the transition metals that contained 


t-bonding ligands, such as CO, PR or n>-cyclopentadienyl 


ees 
led to the belief that the weak transition metal to carbon 


o-bond was strengthened in these compounds. ? 
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The point has recently been emphasized, however, 
that the instability of many metal-alkyl complexes is 
due to the availability of a number of low energy 
degradative pathways, -° such as a- or ~— especially - 
B-elimination of metal hydride and an olefin, homolysis, 


or coupling of ligands at the transition mera ins 


Ore? i253 


It was suggested and verified by synthesis, 
that alkyl derivatives of the transition metals would be 
Stable if one or more of the following conditions were 


met: a) they are of the form M-CH ~XHR_, where X can 


2 
form single bonds but no double bonds to carbon, Ends; 
Silicon or a bridgehead carbon*; b) the B-carbon of the 
alkyl chain bears atoms or groups that cannot be readily 
transferred to the metal as hydrogen, eG cts M-CH,-CF., 
M-CH,-CMe 3; or c) the coordination sites required for 
the decomposition reaction to occur are blocked off by 
the other ligands attached to the metal. This is the 
role currently ascribed to t-acid type ligands such as 
co? PR3, or Wn weyctopentadienyl. 
For example, methyl derivatives of the transition 

metals should be stable because they cannot undergo 
* According to Bredt's ri eee one cannot place a double 

bond at the bridgehead position. Exceptions to this 


rule are known, Hovevern Tote 





alkene elimination, and indeed, compounds such as WMe, 
have been preparea.?/ However, the essentially kinetic 
stability of these compounds is underlined by the 
explosions which have occurred when frozen samples of 
WMe,~, TaMe,, and ReMe, were allowed to warm to room 
temperature.//-18 

An impressive number of derivatives containing bonds 
between transition metals and silicon or heavier members 
of that group has been prepared. 19-21 Their stability 
is frequently greater than that of the carbon analogs. 
This has been attributed to a greater silicon-transition 
metal bond strength, which could in turn be ascribed to 
metal-silicon dn-dt bonding. However, chemical evidence 
has very recently been brought forward which indicates, 
in one series of compounds at least, that Fe-C and Fe-Si 
bonds are of comparable strength. 7 Gieawly ,atnestirst 
criterion for kinetic stability mentioned above would 


account for the stability of trimethylsilyl derivatives, 


say, in comparison with tertiary butyl. 


2. Structure of Iron, Ruthenium, and Osmium Carbonyl 


Derivatives 


The number of ligands and their mode of bonding in 
organotransition metal complexes may be rationalized by 


invoking the Effective Atomic Number (EAN) Rule, also known 


n23,24 


as the "Noble Gas Formalism. ACCOrding to this 
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rule, the number of valence shell electrons, which 
consists of the valence electrons of the metal and those 
donated by or shared with the ligands, would be 18.* 
Ligands such as carbon monoxide and tertiary phosphines 
are considered to be two electron donors. Groups bound 

to the metal via single covalent bonds, like hydrogen, 
halogens, and alkyl groups are all considered one electron 
donors. The nitrosyl group, bridging halogen atoms or 
phosphine groups donate three electrons to the metal 
system. 

Structural studies in transition metal carbonyl 

chemistry have revealed four (although only three will 
be discussed here) ways for the attachment of the carbon 
monoxide ligand ina molecuie:< 

a) the terminal arrangement: the M-C-O unit is 
essentially linear. 

b) doubly bridging arrangement: the M-C(0)-M unit 
is essentially planar and symmetrical. That is, 
the two M-C bonds are equal. 

c) grossly asymmetric bridges: the M-C(0O)-M unit is 
planar but the two M-C bonds are of different 

eee 

* While this rule holds for the great majority of 
organometallic compounds, it is by no means infallible, 
and several notable exceptions exist, e.g., V(CO) ¢, 


(CoH.) \Ni. 





length. When pairs of carbonyl bridges occur 
within the same molecule, they can appear either 
in a compensatory fashion (i.e., the direction of 
asymmetry of one bridge is opposite to that of the 
other), or in a noncompensatory fashion. 

d) the triply bridging arrangement. 

Considerable effort has been put into, and a vast 
amount of controversy has arisen from, the determination 
of the structure of the binary carbonyls of iron, ruthenium 
and osmium. 

Iron pentacarbonyl, the second metal carbonyl to be 
discovercay-° is one of the most thoroughly investigated. 
However, it was only in the last decade that the structure 
of this compound was solved satisfactorily and an 
unambiguous distinction was made between the two possible 
geometries, trigonal bipyramidal (D3,) and square pyramidal 


(C,_). The structure in the gas phase, as established by 


4v 


aneelectron dreeraction= study, iS trigonal bipyramidal 


fe) 
: distance of 1.806(5) A and an 
xial 
Pel, 


° 
Fe-C : distance of 1.8930 (4)) A. An X-ray 
equatorial 


with an Fe-C_ 


diffraction study showed the same type of geometry in the 
solid sfieree however, the accuracy of the structure 

leaves a great deal to be desired. Infrared spectroscopic 
evidence is consistent with a trigonal bipyramidal structure 
in solution on the basis that two infrared active bands are 


predicted for D symmetry, and two were observed. Three 
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infrared active bands are predicted for Cay symmetry. 
The trigonal bipyramidal structure of Fe (CO), aoe 11 
accord with the X-ray diffraction studies of some penta- 


coordinate carbonyl derivatives such as HFe (CO), ,~” 


oul 


Fe(CO) .C_H.N 2° Fe (CO) ,C HN ete Fe (CO) ,PPh 5H, 


£585 47402 2 

Re, (COMM tks Mn (CO), , > and Mn (CO) ,NO,~* alliof which 
showed an idealized or slightly distorted trigonal 
bipyramidal arrangement of the ligands. The latter of 
these compounds, Mn (CO) ,NO, is isoelectronic with Fe (CO) ,. 

No structural data are available for the ruthenium 
and osmium pentacarbonyl derivatives, although infrared 
data suggest a trigonal bipyramidal seoneian. = 

Nonacarbonyldiiron, Fe, (CO) g, was the third metal 
carbonyl to be discovered. °° Berly X-rayeaaifiraction 


work established the existence of three symmetrical 
3 / 





This was the first metal carbonyl whose structure 
was determined by X-ray crystallography. The rather short 


° 
Fe-Fe bond of 2.46 A prompted a more accurate determination 





which came exactly 25 years after the original one. 28 
The improved Fe-Fe distance is 2.523(1) nA A notable 
feature of this structure is the acute angle at the 
bridging pened acomeo far] iaG (i) e inset swhso faryethe 
lowest angle of this type known. 

. The ruthenium and osmium analogs of Fe, (CO), were 


not prepared until recentivece The infrared spectrum of 


Os, (CO), indicates a Coy structure in solution: 





The molecule is isoelectronic with CpjRe, (CO), the 
X-ray structure of which showed a similar geometry with a 
bridging carbonyl Apes The enneacarbonyl of ruthenium, 
Ruy (CO) 9» has not yet been isolated, but presumably has 
the same structure as Dem (COlacms 

The structure determination of dodecacarbonyltriiron, 
Fe,(CO),5, was by far the most interesting and controversial 
of all transition metal complexes. Although this compound 
was prepared in Ro gemes its solid state structure was 


not unambiguously known until 19697 due to a severe 
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disorder problem. 


To a first approximation, the molecular structure 


of Fe,(CO),, may be regarded as being derived from that 


of Fe, (CO) , by replacing one bridging carbonyl group by 
42 


an Fe (CO) , fragment. 





The two bridging CO groups were suspected, /7 but 
not proven, to be asymmetric. However, further refinement 
of the structure of Fe3(CO),, has clearly demonstrated 
the asymmetric nature of the pridgessas 
PhessOlucionescructure Om this molecule issstill 
not fully understood, but the most recent view is that 
the energy of the molecule changes little on passing from 
a symmetrically bridged structure (C,.,) vta unsymmetrically 
bridged intermediates (Co) to a completely unbridged 
25,43,44 


form (D3))- 
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The solid state structures of RUS (GOle tap’ ec 


45,47 


and 


Os,(CO),, 


are Similar and both show Day symmetry: 


Os 





Infrared studies indicate that Ru, (CO) 15 and Os, (CO) 


adopt the same geometry in cent en. 


12 


The most common derivatives of iron, ruthenium, and 


osmium carbonyls are of the M(CO) ,% type, where X isa 


2 
formally one-electron donor, such as aukyleorrsanryl group, 
halogen, hydrogen. Numerous structural studies of these 
derivatives exist. However, since this thesis is concerned 


with derivatives of this type, their structures will be 


mentioned later. 


3. Stereochemical Nonrigidity 


The atoms in a molecule execute more-or-less harmonic 


vibrations about their equilibrium positions. If these 


11 





12 


motions are sufficiently large in amplitude as to permute 
nuclear positions, they lead to stereoisomerization. 

The term stereochemically nonrigid applies to 
Megecuteekor ions in which atom or ligand permutations 
occur at a rate such that they can be detected by some 
physical or chemical method. Fluxional molecules are a 
subclass of stereochemically nonrigid molecules in which 
all the interconverting species are chemically and 
structurally equivalent. When the different configurations 
are not chemically and structurally equivalent, the process 
is called isomerization or tautomerism. 

The term "polytopal isomers" has been used to describe 
isomers having the same coordination number but different 
idealized coordination geonee mae as for example, square 
planar and tetrahedral. Therefore, any permutation 
which does not involve bond breaking implies polytopal 
isomers as intermediates or transition states, and is 


called a polytopal rearrangement.” 


Sid Dynamic Nuclear Magnetic Resonance Spectroscopy 


The method most often - if not exclusively - used 
to study stereochemically nonrigid molecules is nuclear 
magnetic resonance. Processes with free energies of 
activation from 5 to 25 kcal mo1~? are amenable for this 
type of study. By proper choice of temperature, the 


System can be made to exchange at a rate slower than, 
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comparable to, or faster than the time scale of the nmr 

instrument. The temperature ranges where these three 

possibilities occur are called “slow exchange", “inter- 

mediate exchange", and "fast exchange limit", respectively. 
Carbon-13 nmr has proven to be an invaluable tool 

in the study of stereochemically nonrigid organometallic 

compounds and in particular of metal carbonyl derivatives. 


pac nmr and ly nmr would definitely 


A comparison between 
favour the former, despite some of its drawbacks. Like 
the proton, carbon-13 possesses a spin of 1/2, but its 
low natural abundance (1.1%), a smaller gyromagnetic 
ratio, and long values of the relaxation time result in 
a very much reduced sensitivity to nmr detection (the 
decrease is about 5700-fold). However, the mere absorption 
exhibits a positive nuclear Overhauser effect anda 
maximum enhancement of three-fold can be obtained by 
decoupling the ePocons ae 

Undoubtedly, the main advantage of 13, nmr is that 
shielding constants for rte nuclei extend over a wide 
range (600 ppm) and have been found to be very sensitive 
to slight changes in electronic environment. This is 
particularly important in the study of stereochemically 
nonrigid molecules as the coalescence temperature of 
resonances increases with the chemical shift separation 


between them. Thus, exchange processes with small 
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activation energies which could not be studied by ly nmr 
are readily detectable using re nmr. 
Routine ve nmr spectroscopy has until recently 
been Hinderda by instrumental difficulties. However, as 
a result of the application of the pulse Fourier transform 
technique > routine 13, specoras (particularly 7of organic 
samples) can be obtained almost as easily as proton 
spectra. However, metal carbonyl samples frequently cannot 
be considered routine, and often require enrichment of 
the sample with 1300 for ‘satisfactory results. 
Stereochemically nonrigid organometallic derivatives 
have received a great deal of attention over the last years, 
and a number of reviews on the subject have pepearede ae! 
The last one of these references is a book entitled 
“Dynamic Nuclear Magnetic Resonance." An anecdotal 
account of the earliest developments in this field is 
also available.>° in addition, «the cere nmr of transition 
metal carbonyl derivatives has also been reviewed 


Peceneie ie ms 


3.2 Stereochemical Nonrigidity and the Iron, Ruthenium 


and Osmium Carbonyl Derivatives 


The stereochemical nonrigidity of the carbonyl 
derivatives of iron is unsurpassed and seldom matched by 


those of any other transition metal. 





1 ‘ : 
36 nmr has been used, along with other physical 


methods, in attempts to decide between the two possible 
stereoisomers of Fe(CO)., trigonal bipyramidal and square 
pyramidal. For the former structure, one would expect 
two different mere resonances in relative intensities 2:3, 
while for the latter structure, a 1:4 ratio of the 13, 
peeorances is expected. 

The 13, spectrum of Fe (CO). was reported by not 
less than ten research groups. °27 71 However, the room 
temperature spectrum showed only a single resonance. 


This resonance remained sharp down to Ses oe See 


=150° (63 MHz) 7° and even Lyne It seems to be 
generally accepted that this is the result of a rapid 
intramolecular rearrangement. ©? The possibility of an 
intermolecular exchange or ligand dissociation can be 
rigorously excluded since ai aC ome oh was observed in 
Fe (CO) od 
5 
The chemical shift difference between the axial 
and equatorial sites in Fe (CO), was calculated to be 
17.7 + 1.5 ppm, which corresponds to a minimum exchange 
rate between these sites of 1.1 x Gee ke at Seo 
This chemical shift separation and the rate of exchange 
in Fe (CO), seem exceedingly large (see Chapter IV of 
this thesis). 
rae 13 73 
Similarly, the C nmr spectra of Ru (CO) . and 


Os (CO), (Chapter VII) showed only one sharp line down 


: las Liew dd 


iia 


4 aaa 
"wa 
7 





16 


to -120° and -70°, respectively. 

To date there are only a few five-coordinate 
transition metal complexes known for which the slow exchange 
nmr Bpecthort could be determined. These are complexes 


5 (Mi= Ee,SLtz P(OMe) ,) ,/* MX,L,. (M = Ru, 


Oo 
’ 


of the type ML 


OsnibasePPhs;oX =hCls Bree or ML_*x7 (M = Rh(I) 


5 
tt, 18 TURES 78 8 78 


Nill); Pata (Dee (Gap 


iF Te Septal hs - - 2- ES 
L = phosphite; X = BPh, BF, : 1/2GeF . 7 Pa 
cE, ASF, , SbF. , real Ph me In all these complexes the 


Slow exchange spectrum shows an A,B, or an A,B, 


thus confirming their trigonal bipyramidal structure in 


CO.CL):, era GOL) 


W772 Sik, 
X pattern, 


solution. Also, detailed line-shape analysis of several 


is corneas and eta (Oe complexes 


Barut: Ni(L))> 
indicate the Berry rearrangement mechanism®®? as the most 
likely one for these species. 

Although the slow exchange nmr spectrum of Fe (CO), 
has not been observed (and probably never will be), this 
was achieved for some of its derivatives, such as Fe (CO) ,- 


oA Rs 83-85 


(olefin) and Fe (CO), (diene), or the corresponding 


ruthenium analogs. °> 2! These compounds could be regarded 
as pseudo-six-coordinate and the activation energies 
for their rearrangement are higher than for five-coordinate 
species. 

The rete nmr spectrum of the enneacarbonyls has not 


been reported yet. This is not surprising in view of the 


insolubility of Fey (CO), in most solvents and the 


Df. 
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instability of the heavier congeners. However, it would 
be interesting to see if scrambling of carbonyl groups 
occurs in these molecules. 

For Ne enneacarbonyls, there are two possible 
structures, with one or with three bridges, which are 


equivalent from the EAN viewpoint: 





Repeated interconversions between these two structures 

would afford a pathway for scrambling of CO groups. 
Similarly, for the trinuclear species, the following 

structures may be drawn (three other terminal carbonyls 


On each metal are not shown): 








18 


Structure 7 occurs in Ru, (CO) ,, and Os,(CO),,, 


8 was found in crystalline Fe, (CO) and 9 was proposed 


12 


a Scrambling of CO 


earlier for Fe,(CO),, in solution: 
groups may occur vta 7 = Sear? or 7 ry 8 interconversions. 
The £26 nmr spectrum of Fe, (CO),, between -10 and 
50° showed one sharp resonance®? indicatingvatrapid 
and completesscrambling of@almwCcO groups” Later, it was 
proposea?? and “auger that the coalescence temperature 
for the bridge-terminal rearrangement in this molecule 
is Hetow - 150°. This means that even if the maximum 
chemical shift difference between bridging and terminal 
CO's were as little as 10 ppm, the activation energy for 
this process would be lower than 6 kcal io tee os 
Variable temperature "Sc nmr studies of Os, (CO),, 
and Ru, (CO), , showed coalescence (at 70°) of the axial 
and equatorial resonances for the former species and a 
single resonance for the latter species from 40° down 
Pome 50a-< or eiogce oe The mere nmr of Ru, (CO) 15 was 
reported by others, °° and two resonances were observed. 
However, this report was questioned, and one of the 


resonances was assigned to Rup (O eine 


This thesis is concerned with the ce nmr spectra 


and stereochemical nonrigidity of M(CO) ,X species. In 


Z 


contrast to the five-coordinate derivatives, six-coordinate 


species have not been expected to display stereochemical 
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nonrigidity, and such behaviour was found only in special 
cases. This is because the octahedron is thought to be 
so much more stable than any other polytopal isomer.”” 
1a nine studies of Os (CO) , (SiMe,),, carried out in 
this laboratory indicated the stereochemical nonrigid 
character of this derivative.?° The work in this thesis 
was undertaken to apply the powerful technique of nec 
nmr to compounds of this type. The following four 
chapters will deal with M(CO) , (ER,) 5 derivatives 
(M = Fe, Ru, Os; E = Si, Ge, Sn, Pb; E = organic group, 
halogen), and their nec chemical shifts, te coupling 
constants, stereochemical nonrigidity and structure. 
In the last two chapters, the ete nmr spectra of 
M(CO) ,SiMe CH.CH.SiMe,. and M(CO) ,X derivatives (M = Fe, 


2 Ae Dee? 2 2 
Ru, Os; X = H, I) will be considered. 
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CHAE TERT. © 
CARBON-13 NMR STUDIES OF SIX-COORDINATE 
IRON, RUTHENIUM, AND OSMIUM CARBONYL 
DERIVATIVES WITH GROUP IV ELEMENTS. 


CARBON-13 CHEMICAL SHIFTS. 
tee InNeroduct on 


The first 136 nmr spectrum of an inorganic compound 
was obtained in Wosge a only one year after the first 
natural abundance oete spectrum was reperuecmas This was 


the spectrum of Fe(CO) which even to this date is not 


5’ 
: : 5/7 
understood with certainty. 

Of all transition metal carbonyl derivatives, those 
containing iron are among the most widely studied. 
Ruthenium and especially osmium derivatives have been 
“much less studied. Prior to the date when results from 

: : : 2 
Chapter VI of this thesis were Pan iaeneate there had 


been only two reports on the vec nmr of an osmium carbonyl 


derivacivasn fa: 

Some of the 13 nmr studies of iron, ruthenium and 
Osmium carbonyl derivatives were reviewed in the 
Introduction. The rest of the papers, almost 100 now, 
are not pertinent to this thesis and are not mentioned 
here. 


Recent reports from this laboratory have described 


the remarkable stereospecific carbon monoxide exchange 
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that takes place in ete-Ru (CO) , (Sicl,),”> and the stereo- 
chemical nonrigid character of Os (CO) 4 (SiMe,)., 7° for 
which cis and trans isomers interconvert rapidly ina 
nondissociative process. It was anticipated that 13, 
nmr spectroscopy would play a key role in the continuation 
of these studies. 

In this chapter, the wie nmr chemical shifts of an 
extensive series of M(CO) , (ER), type derivatives will 
besdtscussed) (Mi=)Fe; Ru, Os; E = Si, Ge, Sn, Pb; R = Me, 


EC, t-Pr, n-Bu; -Phtgrand Ei 2 rs 


2. Results and Discussion 


Compounds of the type M(CO) , (ER3), or 


M(CO), (SiMe, Cl.) 


pure trans, or as a mixture of observable amounts of cis 


may exist in solution as pure cis, 


and trans isomers (which may or may not be in rapid 
equilibrium at a given temperature). All these 
possibilities have been observed among the compounds 
investigated here. 

Infrared spectroscopy has commonly been used to 
distinguish among the possibilities, on the basis that 


a single carbonyl stretching band is expected for a trans 





* Throughout this thesis, the methyl, ethyl, propyl, butyl, 
acetyl, and phenyl group are abbreviated as Me, Et, Pr, 


Bu, Ac, and Ph, respectively. 
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isomer, and four for the cis.?? 


However, infrared 
spectroscopy will not reliably detect a cis-trans 
mixture because the single carbonyl band of the trans 
isomer Geeorren coincident with one of the four cis 


bands (see page 112 where the interesting case of 


Fe (CO), (Sicl,). is discussed). A further problem arises 


in molecules such as M(CO), (SiMe, Cl), (n = 1,2) where 
extra bands result from various conformations of the 
100 


unsymmetrical ligands. 
Proton nmr spectroscopy may in certain cases reveal 
the presence of two isomers, but even so it is generally 
not possible to assign the signals to the individual 
isomers without other evidence. On the other hand, ae 
nmr is broadly applicable to M(CO) ,(ER,). and related 
complexes. Two 13, resonances of equal intensity are 
expected in the metal carbonyl region for a cis isomer, 


whereas a single resonance is expected for the trans 


isomer: 


ER3 
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As an illustration, Figure 1 shows the 13, nmr 
spectra of ets- and trans-Os (CO) , (SiMeC1.,).. The Si-Me 
resonances are at high field, close to 20 ppm, and the 
Co resonances lie at low field, around 170 ppm. 

Assignment of peaks in cis-trans mixtures can 
normally be made on an intensity basis; ambiguities 
which might result if the intensities of the three 1300 
resonances were very similar (i.e., a cis : trans ratio 
near 2 in the mixture) could be resolved by examining 
the spectrum over a range of temperatures at different 


equilibrium ratios. 
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2.1 Assignment of Axial and Equatorial Resonances 


From the proton-coupled 13, nmr spectrum of 
ets—-Os (CO) ,H,, it was possible to assign unambiguously 
the resonance at lower field (A,X pattern) to the axial 
carbonyl group, and the resonance at higher field (AA'X) 
to the equatorial enrdvennval~ (see also page 140). 
Evidence is now presented that the same assignment also 
holds for many of the cets-M (CO), (ER,), derivatives 
discussed in this Chapter. It may hold for most, if 
not all of the ruthenium and osmium derivatives, although 
there are exceptions for some iron analogs. 

When the element E has a significant proportion 
of an isotope of spin 1/2, coupling is observed between 
this element and the carbonyl carbons. The equatorial 
carbon is expected to show two different couplings, one 
due to the E atom trans to it, the other to the mutually 
cis E atom. The axial carbonyl carbon is expected to 
show a single coupling, with satellites of twice the 
intensity of those centered around the equatorial | 
resonance. 


17. 


This possibility exists for tin ee Dyiad. Os 


Hh te Aves! 


Sn, 8.6%) and lead ( 22.6%) derivatives and it 


has been observed in this work. It is illustrated in 


ELgune 2.0 ets—-Os (CO) , (PbMe in which the equatorial 


3) 2" 


carbonyl resonance, flanked by two satellite pairs, lies 
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at higher field. The coupling constants will be 
discussed more fully in Chapter III. 

In Figure 3 the 13, nmr spectrum (carbonyl portion) 
of an equilibrium mixture of cis- and enans-Os (CO) 7 (SMe), 
is shown. The sample is enriched in Co. The peak at 
lowest field is assigned to the trans isomer; the two 
resonances of equal intensity, at high field, belong to 
the cis isomer. The peak at highest field, with two 


satellite pairs, is due to the equatorial groups of the 


cis isomer. 

A quite different method leads to a similar 
assignment in the case of ets-Ru (CO), (Sicl1,),. It has 
been shown by a detailed infrared analysis that the 
equatorial carbonyl groups of this molecule undergo 
exchange with 1360 in a completely stereospecific Sheen 
Figure 4 compares the ac nmr spectrum of the molecule at 
natural abundance with that of the equatorially T3040 
enriched species. The natural abundance spectrum shows 
two 1306 resonances of equal intensity, as expected; the 
equatorially enriched compound shows a Single peak at 
the higher field resonance of the upper spectrum, 
thereby confirming the assignment. It should also be 
pointed out that the eee nmr experiment provides a 
striking confirmation of the stereospecificity of the 


exchange. ?4 
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In summarizing our findings to date on the vey 


chemical shifts of axial and equatorial carbonyls in 
ets-M(CO) , (ER), or ets-M(CO) ,X,* (X represents a formal 
one-electron donor to the zerovalent metal), we may state 
that the ute resonance of the carbonyl trans to the one- 
eleetron donor ligand is at higher Rieti 4 This 
assignment applies also to a number of pentacarbonyl- 
manganese and pentacarbonylrhenium compounds which have 


been GeneiceRae Oa 


(see also Chapter VII), and 
differs from that in complexes of the type ets-M(CO) ,L., 
where L is an electron-pair donor iigardsan 

This rule, however, is by no means infallible, and 
exceptions to it are known. These are compounds of the 
type ets-Fe(CO),(SnR,)., where R = Meme Beyer, art 
In all these cases, the mote resonance due to the equatorial 
carbonyl groups is at lower field than the resonance 
corresponding to the axial carbonyls. For example, 
Figure 5 shows the low temperature limiting spectrum of 
ets-Fe (CO) , (SnBu,),- At room temperature, the 13, nmr 
spectrum of this compound shows only one carbonyl 


resonance. This aspect will be fully discussed in 


Chapter IV. 


i 


* These derivatives will be discussed in detail in 


Chapter VII. 
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By contrast, ets-Fe (CO) ,(SnPh,). (Figure 6) and 
ets-Fe (CO) ,(SnCl,). Obey the above rule. The reversal 
of the carbonyl resonances in ets-Fe (CO) ,(SnR,), 
derivatives may be the consequence of a severe distortion 
from octahedral geometry. This point will be discussed 
further in Chapter V, when the structure of these complexes, 
as derived from X-ray crystallography, will be considered. 

Because of peecbeteen eee assignment of tle 
resonances in other ets-Fe (CO) 4 (ER,), compounds, where 
element E does not have (or has only a small percentage 
of) an isotope of spin 1/2, must be regarded as uncertain. 
No exceptions to this rule have been found or reported 
for the ruthenium or osmium derivatives. 

Over the last five years, several attempts to 
correlate EC chemical shifts with Cotton-Kraihanzel 


60,101,104-114 


force eonstantsso have been made, and it 


was argued that the most shielded carbonyl of the 
molecule has the largest force done tone This 
argument seems surprising since a higher force constant 
is considered to imply a more positive character for the 
carbonyl carbon Binghile ee 

In complexes of the type ets-M(CO) ,L, or M(CO) -L 
the carbonyl stretching force constant of the group trans 
to L(k,) is always lower than that of the group cis to 
Ee ia Thus, according to this argument, 194 the CO 


trans to L should always be less shielded than the cis 


CO, irrespective of whether L is a one- or a two-electron 
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donor. This, of course, is aentemag cee by the findings 
of this chapter. 

For SEEN SEAS in ets-Ru (CO), (SiCl.,),, where 
unambiguous assignment was possible, the two force 
constants, as obtained by an energy-factored force field 
calculation and employing 1300 substitution, are almost 


94 
equal [re = 17.96, bee Sree reco Ie) oy: yet the axial and 


: 1 
equatorial 300 PesOnances sare Separated: by, 3.83 "ppm. 
All of this suggests that using force constants in 
1 ao ds } 234 cow 2 
assigning 300 resonances is of limited utility in these 


systems. 
2.2 ,Carbon-13 Chemical Shifts 


Values of chemical shifts measured for cis deriva- 
tives are presented in Table I and II, and those for the 
trans derivatives in Table III. In several cases, 
chemical shift values for the two isomers were obtainable 
only from low temperature spectra, and this aspect will 
be fully discussed in Chapter IV. Here, the trends in 
chemical shifts, which are apparent from Table I-III, 
will be discussed. Also, the 13, chemical shifts of the 
parent stannanes (Table IV) will be compared with the 


values found in their transition metal complexes. 
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Table epLL 


13, Chemical Shifts in trans-M (CO), (ER,). Derivatives* 


ee Nc a ee 


Compound Co Me % Trans Temp °K 
Men ne een eee ee ee 
Fe (CO) , (SiMeC1,), 203.59 18.78 ae 253 
Fe (CO) , (SiCl,), 199.49 oe ma 308° 

199.12 me 194 303 

Ru (CO) , (SiMeC1,) , Togo 4 18.94 iar 305 
: e b 

Ru(CO) , (SiCl,), 187.03 a dp 293 

Os (CO) , (SiMe), 186.17 8.04 635 303 

Os (CO) , (SiMe,C1) , L9e53 Tas 60° 303 
Os (CO) , (SiMeC1,), 7436 oe G Pe 303° 
Os (CO) , (SiC1_) Tore ee nis 303° 

4 ap 
Os (CO) , (GeMe,) , 184.99 Geo 20m 293 
Os (CO) , (SnMe,) , 185.47 Drs 234 303 

185.50 ec 204 293b 


Shifts in ppm downfield from TMS. Solvent is toluene-d, 


except as noted. % trans refers to mole percent of that 


isomer present in solution at time of measurement. 


b 
cD,Cl. solvent. 

© Estimated from integrated areas of methyl resonances in 
eS 

C spectrum. 

x Estimated from integrated areas of carbonyl resonances in 

3 
C spectrum. 

- Measurements on pure trans isomer after separation from 
cis; rate of isomerization negligible at temperature of 
measurement. 

£ 


Pure trans isomer; cis isomer unknown. 
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Table IV 
aac Chemical Shifts in R3EX Derivatives* 

Compound C-1 C-2 C-3 C-4 
Me ,SnC1” -0.70 = = ze, 
Me ,Snc1® 0.0 ~ - - 
Me ,snc1° | =e 7 = ~ = 
Et ,SnC1” Phe 9.9 - - 
Pr..SnCl 20.66 JRE asics: 18.45 = 
Bu,Snc1 Lae 1S 2oneL6 27.08 IES A788) 
Ph,Sncl T3167 P36. 08 129.44 IESE TAS) 
Ph,Sncl© 137.5 136.1 129.2 130.5 
Me ,PbC1 20% D5 
a 


oO 


Q 


Qs 


Chemical shifts in ppm downfield from TMS. The carbon 
attached to E is taken as number one. Solvent is cD.Cl,. 
Temperature is 303°K except as noted. 
Temperature is 300°K. 


Value taken from T. N. Mitchell, J. Organometal. Chem., 
59, 189 (1973). Solvent is cDC1.. 
Value taken from G. Singh, J. Organometal. Chem., 99, 


Zero.) oe oOLVent. ei S cpcl ,. 
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The range of 1360 shifts is 209-195 ppm for iron, 
PS95183 eer erutheniumsy iand 81 a'67 ppm for osmium 
derivatives. This upfield shift on descending the group 
is typical of metal carbonyl derivatives, °° and was also 
observed for the closely related chelate complexes 
M(CO) 4 (Me,SiCH,CH,Sime,)”* (Chapter Vi). 

In the ets-M (CO) 4 (EMe,) . derivatives, keeping the 
EMe , ligand constant, the difference between axial and 
equatorial 1300 shifts increases as the central atom 
changes from Fe to Ru to Os (Table I). On the other hand, 
holding M constant, the axial-equatorial separation 
decreases as E is varied from Si to Pb. In the series 
ets-M(CO) (SiMe, Cl_),, for a given M, axial-equatorial 
separation decreases with an increase inn. Asn is 
increased monotonically from 0 to 3, the remaining methyl 
carbon resonance undergoes a regular downfield Shite, 
of about 5 ppm, while the axial and equatorial carbonyl 
resonances undergo a regular upfield shift, of about 3 ppm. 

It is of interest to observe that among the cis 
derivatives of Table I, a change in the non-carbonyl 
ligand often causes a greater change in the shift of the 
axial carbonyl ee in that of the equatorial carbonyl. 

In the ets—Fe (CO) , (SnR3), derivatives (Table II), 
there is practically no variation in the carbonyl chemical 


shifts as R is changed from Me to Bu. A small upfield 


shift is observed for the ets-Fe (CO), (SnPh,), derivative. 
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The carbon atoms of the organic substituent show much 
larger variation. Assignment of these resonances was 
carried out using the off-resonance decoupling technique 
and comparison of the carbon-tin coupling constants in 
these compounds with those of the parent halostannanes. 

Comparing the chemical shifts of the parent stannanes 
with those in the iron complexes, an upfield shift of 
about 3 ppm for C-1 is observed upon complexation. Other 
carbons of R show a downfield shift of about 2 ppm for 
C-2Gand Ivppmsefor?C-3 and C-4, 

Table III lists the percent of trans isomer present 
as nmr measurements were made. These values are 
approximate only, having been obtained by integration of 
the cs nmr spectra. They do not necessarily represent 
equilibrium values at the temperature in question. Those 
compounds of Table I or Table II for which no reference 
is made to a trans isomer in Table III can be assumed to 
be completely cis, within the limits of detection of Lee 
nmr, under the conditions stated. 

The 1306 resonance of the trans isomer is usually 
at lower field than the axial T3060 resonance of the cis 
isomer (as shown in Figure 1 and 3). The compounds 
Fe (CO), (Sicl,), and Ru (CO) 4 (SiC1 4), are exceptions, in 
which the 1346 resonance of the trans isomer is at slightly 


higher field than the axial cis resonance. 
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220 "Interpretation" of C NMR Chemical Shifts of 
Carbon Atoms Directly Bound to Transition Metals. 


2.3.1 The State of the Art 


Although a great deal of interest has been devoted 
to the interpretation and calculation of vile chemical 
shifts, the end result was mainly controversy. 

Traditionally, equations for calculation of T3 
chemical shifts (or total screening, co) contain two terms 
denoted "diamagnetic" and “paramagnetic" contributions 

omP> 9, + Js 
where of reflects the screening due to electrons in the 
electronic ground =state “and as the screening due to the 
mixing of ground and excited states under the influence 
of the magnetic field. This is an artificial distinction 
which has meaning only in the context of the computational 
technique fiscads ag 

Usually, if not generally, the diamagnetic contribu- 
tion, Oge is quickly dismissed from the discussion of the 
changes in screening because variations in it are small. 

The dominating factor governing 13, chemical shifts 
changes in hydrocarbons is the paramagnetic term. 
According to Pople's LCAO-MO theory of diamagnetism, 117/118 


the paramagnetic term is given by: 


e* 1? 


=o Q sega) 
Go, = - —sy— <r AA AB 
B 2m%c (AE) A ? 
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where AE is the average excitation energy, r is the radius 
of the carbon 2p-orbitals, and the Q terms contain elements 
of the charge density and bond order matrix. 

Galcumarions of oe chemical shifts based on Pople's 
formalism have met some success in that they reproduced 
the main features of the experimental data, but due to the 
approximate nature of this theory, the accuracy was rather 
poor (e.g., errors of about 50% were observed for aromatic 
hydrocarbons) .>” 

36 chemical shifts of the carbonyl group in organic 

compounds of the type a were found to correlate 


with the CO m-bond polarity.+t9 


This was explained using 
the above formula. Electron withdrawing substituents 
decrease the t-bond polarity, thus increasing r, and 
result in upfield shifts. However, these correlations 
became linear after certain "corrections" were applied to 
carbonyl shieldings. The experimental data show no Simple 
correlation of shielding with polarity parameters of X 
and vies 

Nevertheless, the above treatment was applied to metal 
carbonyls, and it appeared that carbonyl carbons are 
deshielded as the metal+carbonyl 1 back-donation 


- GOOF LOO —aa 2 
increases. 


This theory received some theoretical 
support. v An increase in the metal*carbonyl t back- 
donation leads to a decrease in the energy of the lowest 


; 21 
electronic excited state. This produces a decrease in 


b 
t 
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AE, and therefore causes a deshielding of the carbonyl 
resonance. 

A linear relationship has been found between the 
Cotton - Kraihanzel (CK) force constants (k) and the 
96 and 2m carbonyl occupancies, which for the series 
M(CO) ¢_ x, (MR=" CriaMn, Fes X¥=6€l, Br: n = 1, 2) has 


the form! 


kat =e FSS OUNSS A 1 178s (2m) 4985091 


Many have tried to correlate CK force constants with 27 
occupancies alone, or with 13, chemical shifts (page 32), 
Although in numerous cases linear plots of CK force 
constants versus mete chemical shifts were obtained for 
very closely related compounds, the correlation broke 

down when extended to ligands with different bonding 
characteristics or to complexes having a different transi- 


tion metal. 9°/191,107,109,113 For example, a plot of 


CK force constants versus the eG chemical shift of 
Re (CO) -X derivatives (X = Me, Ac, Ph, PhCoO, Br, sicl,, 
SiMe,, GeMe,, SnMe, and PbMe,) showed a linear correlation 
for the radial carbonyls but no correlation for the axial 
carbonyls. +° When X was replaced by a two-electron donor, 
in [Re (CO) .NCMe] [PF .], the radial carbonyl correlation 
broke down. Also, although the CK force constants for 

Cr (CO) ¢, Mo (CO) ¢, and W(CO) ¢ are practically identical 
within experimental error (16.49, 16.52 and 16.41 mdyn/ 


° 
A ms their 1300 chemical shifts are very much different, 
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ZU eee o0 nO andl 92.1) pomraaurespectively. Correlations 
of this type and their utility is questionable. 
Changes in the diamagnetic term, as given by 


Lamb's Aerain o os 





where ee is the mean inverse distance of electron i from 
the nucleus and the summation is over all electrons on the 
nucleus of interest, accounted for about one twentieth of 
the total vere shift changes in hydrocarbons.>” 


However, in the calculation of chemical shifts of 


carbons bound to a transition metal, the diamagnetic term, 





Og, as given by Flygare and Goodisman's formulayece 
2 Z 
Og (k) is 0, (free atom) + 5 » a 
3mc Cee 


becomes very significant. Here Zo is the atomic number 
of the a nucleus, and ry is the distance from the kth 
nucleus to the ath nucleus. 

Estimates of the second term in the above expression 
afforded values of 120, 190, and 340 ppm for a carbon 
bound -to.i ron; eeneniume and osmium, Weecectt ne ly ena 
These values will vary between complexes. 174 Application 
of Flygare and Goodisman's formula to Cr(CO) ¢, Mo (CO); , 
and W(CO) ¢ yields values of 625, 700, and 845 ppm for the 


total diamagnetic shielding in these complexes.?*° 
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Therefore, treatments of the total screening in 
transition metal carbonyls in terms of the paramagnetic 
contribution alone are almost certainly inadequate. In 
the sate OR sphere of a transition metal simple 
explanations are unlikely to be maliges os 

More elaborate methods, based on ab-inttto molecular 
orbital calculations of chemical shifts, are now avail- 
ee Their accuracy is better (the mean standard 
deviation is ASE eaaily 5 ppm), but still not good 
enough to reflect subtle changes in molecular structure. 

Nonetheless, the 1 back-bonding theory of chemical 
shifts in metal carbonyls has its value as a qualitative 
means of eee en 13, chemical shifts, and lately has 


received some SUupponen G62 


Por lack of anything better, 
this theory should not be abandoned, but its limitations 
Should be realized. Perhaps at this stage some pessimism 


about the present state of the art of the mae shielding 


theory is warranted. 


2232.20 \Nterpretation" .of EG NMR Chemical Shifts in 
ee emi Cateoniits* in 


M(CO) , (ER,)., Derivatives. 


Despite the foregoing limitations, the Tt back-bonding 
theory may be used to rationalize some of the data presented 
in Tables I - III. 

One example is the observation that the 1300 chemical 


shift of the equatorial carbonyls in ets-0s (CO) , (SiMe,), 


is at 172.58 ppm, while the shift of the axial 
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carbonyl in the related molecule Re (CO) ,SiMe is 182.9 ppm. 


3 
In the former, the oxidation state of Osmium is 2, while 
LOrerneniumeityis 1.) It as well) established that 7 back- 
bonding decreases along an isoelectronic series such as 
Cr(CO),Br , Mn (CO) Br, and Fe (CO) Br’ as the oxidation 
state of the metal increases. / Thus it is reasonable to 
Suppose that there is less T back-bonding in Os (CO) , (SiMe,), 
than in Re (CO) -SiMe,, so the carbonyl groups in the 
rhenium derivative are expected to resonate at lower field 
than in the osmium derivative. A similar trend is observed 
in other pairs of related rhenium and osmium derivatives, 
as well as in related manganese and iron compounds (see 
aD Kes DT )2. + 

A second trend capable of rationalization by the 1 
back-bonding theory is observed in the series M(CO) ,~ 
(SiMe, _Cl,)5- 


bonding to the carbonyls will decrease as the electro- 


It is reasonable to expect that 7 back- 


negativity of the group IV ligand increases, that is to 
Say as n increases; this is also borne out by the increased 
carbonyl stretching frequencies as n increases. 1° rt is 
observed that the carbonyl carbons become more shielded 
as n increases. 

However, this theory does not account for the higher 
field position of the carbonyl carbon trans to the 


One-electron donor in cts-M(CO), (ER and M' (CO) ;ER 


3)2 3 
complexes; indeed, in terms of the conventional view of 
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relative amounts of 7 back-bonding, 19 the prediction 


would be the reverse of the observed order. 


Sie Experimental Section 


3.1 Nmr Instrumentation and Techniques. 
$e 0h and techniques 


Spectra were recorded in the pulse Fourier transform 
mode of operation on a Bruker HFX-90 - Nicolet T0857). 0rea 
modified Varian HA-100 spectrometer interfaced to a 
Digilab FTS/NMR-3 Data System and pulse unit. The 
instruments operated at 22.6 and 25.1 MHZ respectively. 

The Bruker instrument, with which the MajgOrsvey Of 
the spectra were obtained, was equipped with a single coil; 
a pulse width of 6-8 usec (90° pulse = 27 usec) was used 
with a dwell time of 100 usec and an acquisition time of 
0.8 sec. Spectra were recorded using proton broad-band 
decoupling conditions. The number of scans was usually 
one thousand (1K). However, in the cases where exchange 
was observed or in order to determine coupling constants 
as many as 8- or 12K pulses were taken. The number of 
data points (channels) was 8K and the sweep width was 
5000 Hz. This afforded a digital resolution of 0.06 ppm 
Ginwl. 25 8HzZ 

The temperature unit of the instrument was calibrated 


with a thermocouple held coaxially in the spinning sample 
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tube partially filled with solvent. The temperature was 
controlled by means of a thermocouple situated just 
beneath the sample. 

The nmr solvent and lock was either toluene-d, OL 
for the less soluble compounds, cD.Cl.. Tetramethylsilane 
(TMS) was employed as an internal standard or, where this 
was not possible, the peaks were referenced to the 
quaternary carbon of toluene-d, and converted to the TMS 
scale by taking the chemical shift of this latter peak as 
137.46 ppm. Chemical shifts downfield from TMS are taken 
as positive. 

Approximately 2 ml of a 0.7 - 1.0 M solution 
contained in a 10 mm (0.d.) nmr tube was weer to obtain 
the te nmr spectrum of the compound in question. For the 
less soluble compounds, a relaxation agent," tris (acetyl- 
acetonato)chromium(III) (approximately 10 mg) was employed; 
no relaxation reagent was used in low temperature 
experiments. +? In one experiment the iG nmr spectrum 
of Os (CO), (SiMe,), was recorded with and without Cr (acac) 4; 
no differences in the chemical shifts of the resonances 
were noted. The nmr tubes containing the particularly 


air-sensitive compounds Fe (CO) , (GeMe and Ru (CO) , (SiMe,), 


3)2 
were sealed under vacuum before spectra were recorded. 


Spectra of Fe (CO) , (SnMe,), in CF,HC1:CD.Cl, were also 


measured in an evacuated sealed tube. 
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See SOUrCceS’ Of Compounds 


Reactions were carried out under an atmosphere of 
dry, oxygen-free argon or nitrogen. Hydrocarbon solvents 
were distilled from LiAlH, and saturated with argon or 
nitrogen prior to use. Deuterated nmr solvents were dried 


over Cacl. or molecular sieve (type 4A). Carbonyls of 


ruthenium?28 and Oana ume] were prepared by literature 


methods. All other starting materials were commercially 
available and were used as received. 
Of the compounds studied here the following have 


appeared in the literature before: 


POS. IES aka 


Fe (CO), (SiMe,)., Fe (CO), (SiMeCl,)., Fe (CO) ,- 
: 100 1327 133+ 
(Sicl,),, Fe (CO) ,(SnMe,)., Fe (CO), (SnPh,)., 


134 ; 135t 
Fe (CO) ,(SnCl,),, Ru (CO), (SiMe,).,, Ru (CO) 4 


T3¢6r URS HAs 


; : 136 
(SiMeCl,),, Ru (CO) 4 (Sicl,)., Ru (CO) , (GeMe,),, 


BECO WASne.) ec coo | ) 


136,140 


Ru (CO) 4 (PbMe, 
136 


og 
; : 1 
Os (CO) 4 (SiMe,Cl)., Os (CO) , (SiMeC1,),, 


: 1S .65; 3 7st 
Os (CO), (SiCl,)., Os (CO), (GeMe,),, Os (CO) ,- 


136,140+ 


: 36 
(SiMe,).,, 


139tT 
(SnMe3)., Os (CO) , (PbMe,).. 


The preparation of the new compounds, Fe (CO) ,- 
: +t oR y ™ 
(SiMe,Cl)., Fe (CO) 4 (GeMe,),, Fe (CO) 4 (SnEt,),, Fe (CO) 


[cube eae Fe (CO), (SnBu,) 5," and Ru (CO) , (SiMe Cp 


2 2 


ce ee ee ee ee nee 
* This compound was prepared by Dr. W. Jetz. 


t This compound was prepared by Dr. R. K. Pomeroy. 
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with improved syntheses of some of the above complexes will 


be described shortly.70/ 441 Attempts to prepare Fe (CO) ,- 


(PbMe,)., and Os(CO) ,(CMe_). were unsuccessful.” 
352 4 oie 
Compounds were characterized by elemental analysis, infra- 


i 
red, H nmr and mass spectroscopy as well as the re nmr 


spectra reported here. 
The M(CO) , (EMe,), compounds are, with the exception 
of Fe (CO), (SiMe,)., air-sensitive liquids at room 


temperature and are very soluble in the solvents used. 


S-3 Enrichment with Dader General. 


Some of the compounds were enriched with T3040 because 


of their reduced solubility at low temperature or in order 


to clearly observe BEC set ori sngsateliitess wihel following 


compounds were enriched with aaeO: Fe (CO) ,(SiMe,).,, 


Fe (CO) 4 (SiC13) 5, Fe(CO),(SnMe,),," Fe (Co) , (SnBu,) 


2. Seu 
ae ; : 
Fe (CO), (SnPh3),, ets-Fe (CO) ,(SnCl,)., ets-Ru(CO) ,(Sicl,),, 


Os (CO) , (SiMe AF Os (CO) , (SnMe,),." 


oP 
3) 2! 
The exchange of 1346 with ets-Ru(CO) , (SiC1 4), has been 
described Herons Enriched ets-Fe (CO), (SnCl,), was 
prepared from 1306 enriched - Fe(eo) sheds The enrichment 


of the other complexes was similar and is only described 


mneadetail Cior ets-Fe (CO), (SiMe,).,- 


—_—eeeeeeeeeeeeeeeeeeeeeeeeeeeee 


t This compound was enriched with C0 by 


DY eke Ke) POMNGLOY-. 
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The 1300 used was of 91-92% isotopic purity 


(Monsanto Research Corporation, Miamisburg, Ohio). 
Enriched carbon monoxide was manipulated in a glass vacuum 
system efconventional design by means of a Toepler pump. 
The reaction vessel consisted of a roundbottom quartz 
flask sealed to a condenser ooceletee in a total volume 

of approximately 60 ml. The vessel could be attached to 
the vacuum line by means of a ball joint. The unit was 
also fitted with a Teflon valve so that once filled with 
CO it could be transferred to other areas of the laboratory. 
Samples for infrared analysis could be withdrawn with the 
aid of a 1l-ml syringe through a serum cap covering a side 
arm on the bulb. 

Irradiation with ultraviolet light was usually 
required to bring about exchange with co. The bulb was 
positioned 3-15 cm from a 140 watt lamp (Engelhard- 
Hanovia Inc., Newark, N.J.) and cold water was passed 
through the condenser during irradiation. 

Accurate isotope combination patterns were calculated 
using a program written by Drs. R. S. Gay and E. H. Brooks 
(formerly of this department); simulated patterns for 
varying 13, content were compared with the observed mass 
spectrum to estimate the degree of enrichment. Mass 
spectra were taken with an Associated Electrical 
Industries MS-9 instrument, with the inlet system at room 


temperature. 
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Infrared spectra were recorded using a Perkin-Elmer 
337 grating spectrometer with scale expansion and calibra- 


tion with gaseous CO. 


Ih 


300 Enrichment of Fe (CO) , (Sime,).-. 


In view of the very low solubility of the compound 
below about -40°, moderately high degrees of enrichment 
were required. 

Freshly sublimed Fe (CO) , (SiMe,), (400 mg) and 
m-heptane (10 ml) were placed in the exchange apparatus. 
The flask was then attached to a vacuum system having a 
Toepler pump for manipulation of 1300, After degassing 
the solution by several freeze-thaw cycles, the flask 
was cooled to -78° and 1360 pumped in to a pressure of 
800 mm Hg. 

Exchange was performed at room temperature with 
stirring, and was followed by infrared spectra of samples 
removed through the serum cap. No 1340 exchange was 
observed in the dark over a 12 hr period. Ultraviolet 
irradiation at a distance of 15 cm from a 140 watt lamp 
(Engelhard-Hanovia Inc., Newark, N.J., Model 616 A) 
resulted in exchange. Irradiation was interrupted after 
100 min. while the atmosphere of 1306 was replaced with 
fresh 91% enriched material. Irradiation was continued 


for 270 min., and the solution was syringed from the flask. 
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Solvent was removed under vacuum and the product was 
sublimed onto a water-cooled probe. From mass spectro- 
metry it was estimated that the degree of enrichment 


was 35-403. 
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CHAPTER III 
CARBON-13 NMR STUDIES OF SIX-COORDINATE 
IRON, RUTHENIUM, AND OSMIUM CARBONYL 
DERIVATIVES WITH GROUP IV ELEMENTS. 


CARBON-13 COUPLING CONSTANTS. 
1. Introduction 


The great majority of 13a nmr spectra are determined 
under proton "broad-band" decoupling conditions. eS 
of course, increases the Signal to noise ratio; however, 
valuable L3G = 1h coupling constant information is lost. 
In organometallic chemistry many elements contain isotopes 
with spin of 1/2, and coupling to the neighbouring carbons 
may be observed. The proton decoupling does not affect 
these isotopes as they resonate at a different frequency 
from that of ue Observation of coupling constants via 


13, nmr is difficult because of the low natural abundance 


of ek In most cases, Cheat chad samples are required 

: il PASM 
to detect coupling to nuclei such as on sant aot 
or i 


In this chapter the eG coupling constants in 
M(CO) , (ER,), derivatives (M = Fe, Ru, Os; E = Sn, Pb; 
R= Me, Et, Pr, Bu, Ph, and Cl) will be given and discussed. 
Data from this chapter have been used already in 
Chapter II to assign the axial and equatorial carbonyl 


resonances in ets-M(CO) , (ER,). derivatives, and will be 
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further mentioned in Chapter IV in the discussion of the 
stereochemical nonrigidity of these derivatives. Since 
the coupling constants given here were determined 
simultaneously with the ote chemical shifts, the experi- 


mental details have been given at the end of Ghapeene 1. 
2. Results and Discussion 


Insa ets-M(CO) , (ER,), derivative, element E may 
couple to the equatorial carbon cis and trans to it, 
and to the axial carbon. The intensity of the axial carbon 
satellites is twice that of the equatorial carbon. Ina 
trans-M(CO) , (ER,), derivative, there is only one coupling 
constant involving E and the carbonyl] carbons. All these 


possibilities are shown below 


O 
Cc ER3 
oo ER3 mae | CO 
M Sea 
og | pte, ee | i 
; ee ER3 
ets trans 


and are demonstrated in the 13, nmr spectrum of cis- and 


trans-Os (CO) 4 (SnMe,),, Figure 3 (page 28). 
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In addition, couplings from E to the carbons of the 


13 eee 1771 19 


R group may be recognized. Cc Sn coupling 


constants in ets-Fe (CO) , (SnR,). derivatives are listed 


in Table V. Table VI contains 136 - pee 


ac - AUT coupling constants in ets-M(CO) , (EMe,), 


and 


derivatives (M = Ru, Os; E = Sn and Pb). bec coupling 


constants in the parent stannanes and Me.,PbCl are given 
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Footnotes to Table V 
eee NO ee om oe et N 


a 


Values in Hertz. Values separated by commas indicate 
amty, 


Sn and ee sh couplings. Otherwise, the average 
value is given. The carbon attached to tin is taken 


as number one. 


cD,Cl.: methylcyclohexane-d (1:1) solvent. 
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Table VII 


Carbon-13 Coupling Constants in R,EX Derivatives® 


3 

ee 
Compound Cal C=-2 C5) C-4 

ee eee ee eS ie eee ee ee Ae ee day | ele) se 


Me.SncCl 364, 381 - = - 


3 
b 

Me ,Sncl 386 = pes - 

Me ,Snc1° 365, 379 se x = 
b 

Et ,SnCl 352 26 a = 

PrSnCl 526 aL 23 63 z 

Bu,SnCl 32500342 24 65 7 

PhSnCl 592, 618 49 63 13 

Ph,Snc1? 610 49 68 12 

Me ,PbC1 312 = = - 





Values in Hertz. Values separated by commas 


indicate mee and een couplings. Otherwise, 


the average value is given. The carbon attached 


to E is taken as number one. Solvent is cD,Cl.. 


Temperature is 303°K. 
Values” taken from T2°N.@Mitchell yi s0rganometal . 


Chem., 59, 289" (1973)%* Solvent'is CDCl... 


Values taken from G. Singh, J. Organometal. Chem., 


99, 20. CLOT Si SOlVente1s CDCl... 
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The two-bond coupling of the group IV atom to 1300 are 


believed to be the first Tepontedmae with the exception 


ui : 
of Sc-Fe- 295i coupling found for Fe (CO) , (SiMe), 


(Chapter Tue 
. 1 
Coupling to bigs and besa could only be resolved 
in the case of methyl groups directly bonded to tin, or 


when the coupling constant was close to or greater than 


weg) 3 a abs: 
Sita 


100 Hz. The ratio of the Sn-")C and CRcoupsing 


constants is equal to 0.956, the ratio of the nuclear 
magnetic moments of the tin isotopes. 
Although *3 (E-CO, .) was unambiguously defined by 


satellite intensities, 2s (E -CO ) and 25(E =cO ) 
s eq cis e 


tran Es gq 


could not be experimentally distinguished, and it was 
assumed that the larger was due to trans cCOupLING pal .e., 


25(E nee. ). For the ruthenium and osmium derivatives 


q 
(Table VI), the value of the trans coupling constant was 


trans 


much larger than the other two. However, for the 
ets-Fe (CO), (SnR,), derivatives (Table V), *3(E-CO,.) was 
the largest. 

This may be the consequence of a severe distortion 
of ets-Fe (CO) , (SnR,), derivatives from octahedral geometry, 
as has been found in the solid state structure of 
eis-Fe (CO) , (SiMe,),”° and eis-Fe (CO) ,(SnPh3),”° (see 
Chapter V). The possibility of "through-space" spin-spin 

143-145 


coupling in the distorted complex cannot be ruled 


OouG. 


62 




















c a 7 | i : " | i | : 
oe! oe gue VT, QUBS ae Sa iquce ee 


dense at? Adiw ee a eee ado iwokted “ 
eR heel 
EE C86) Oo ie Le. wivt tego te “ai~ 0 


ee 
- : Cie fs > 7 
RG: ce os palbigued—< 

ey7an + yoidsm To sano a fe g a 


Ree 
RA ie ane of 2itedentn patignes oa es 
4 > > CraZ AZ ode 34 
: ae 
bo Guta, A 23.9 9% léepe @2 Some 

r+ ait 7 * = “nweon MT “i723 - 


ait” deemttcen Oe 
ey | “ir Ors Sy + astdtesernk odst 
Jie sei vii ee ee teegne ec 2am 
(+ wih ash Ritesh ad Gaa?F 
wieder. | cot ..4, 20- 

Pe : 

hid: or 2 avicy afd , Cy 

ov cnfed #2 asde wipe 

TY) @oussow brah g Gp aneh, (Ore 

. deepest 


, race tm DE! peer, 6 \) “. eee vst ei ‘cm aa 
etdowen. ir~bedutoo pest eovis si zal Sa eee : 


wht aed ae. 15 feaiele plier 








paper 


The magnitude of the EET CERES eS FS coupling constants 


is essentially the same for the series ets-Fe (CO) , (SnR,) 
(R = Me, Et, Pr, and Bu); however, a small increase is 
observed for ets-Fe (CO) ,(SnPh3),-. It is interesting to 
note that two of the coupling constants in ets-Fe (CO) ,- 
(SnCl,), are twice those in the other iron-tin complexes. 
In Table V the value of the sn-?3co coupling constant 
at room temperature is also given. At this temperature, 
the carbonyl groups become equivalent, and only one 
sn-13¢o coupling is observed. This will be discussed 


further in Chapter IV. 


Two E-' cu, coupling constants are possible for 


ets-M(CO) , (EMe,)., molecules, namely the one- and three-bond 


types. These were observed in the lead derivatives 


207, i3 


(Table VI), where J( CH3) was approximately one 


075,13 


tenth the magnitude of Biss CH.). No three-bond 


3 


couplings were observed for the tin analogs despite a 


careful search. 


In the iron complexes, the t30-sn coupling constants 


of the organic group are readily observed and 25(*3¢-c-sn) 


is approximately one tenth of a5 Reo SHIe The three-bond 
n2e=sn coupling is larger than the two-bond coupling. No 
four-bond 1 eesh coupling was observed. 

The one-bond Pecusn couplings are about 100 Hz larger 
in the parent stannanes (Table VII); although, the two-bond 


and three-bond couplings are about the same as in the 
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iron-tin complexes. Ph SnCl is an exception in that 
Loy : 
J ( 3¢-sn) 1s 200 Hz larger than the value observed in 


lus 


eta-Fe (CO) , (SnPh.,).; also, Tt C-Sn) is large enough to 


be clearly resolved in Ph.SnCl. 


3 

In Tables V-VII the absolute value of the coupling 
constants is given; no attempt has been made to determine 
the sign of these coupling constants. However, it is 


146,147 


known that in crs and in SnEt,; the one-bond 


pec-sn coupling constant is negative and the two-bond 


coupling is positive. 
23 : : : 
2.1 The Theory of C Spin-Spin Couplings 
PENT Opin Couplings 


The theory of spin-spin couplings, as developed by 
Ramsey, 1"? expresses the coupling as the sum of three 
terms: a) the Fermi contact, b) the dipole-dipole inter- 
action between the nuclear and electronic magnetic moments, 
J(dipole), and c) the interaction of the Magnetic field of 
the nuclear dipole with the orbital Magnetic moment of 
elie electron, J (orb)’. 

The Fermi contact term is usually considered to be 
dominant in the coupling between directly bonded 
nuclei, 19/151 although the second term can make a Signifi- 
cant contribution to the one-bond metal-carbon coupling. 
Wed Sa) oye: 


A simplified Fermi contact term for 25 (M-C-H) 


can be written as 
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2 2 Oe Tea ee eG 
Su-c-H ~ YuYy (mc) (tae) es) (1) AE 
Du aor 


2 


where y's are nuclear gyromagnetic ratios, ( )“ and 


Ome 


2 
(dc) are the fractional s characters of the orbitals 
of M and H respectively involved in bonding to carbon, 


* * 
Zu and Zi are the effective nuclear charges of these 
orbitals, n is the principal quantum number of the period 


to which the atom belongs, and AE is the average energy 


2 


* 
approximation term. The (OG) ran and Z. are equal to l. 


He H 
- 2 3 : : 
In evs-Fe(CO),(SnR,)>, J(Sn- ~CO) increases with 


the substituent electronegativity Sncl, > SnPh, > snR, 


(R = Me-Bu). This may be interpreted using Bent's 
palebope according to which the s character tends to 
concentrate in orbitals directed toward the groups of 
lowest electronegativity. This causes an increase in the 
Fermi contact term and consequently in the coupling 
constant. Similarly, this would explain the much lower 


1305 coupling constants in M(CO) , (ER complexes as 


3)2 
compared to the parent R,ECI1 derivatives (E = Sn, Pb). 


65 






Pry ry 8 a Vee 
sn ae 
S15 8 
ny Si6 
iy 3 
J : 
| 
. ha « * 
‘Mze9 MoOlLiceexotge 


wt. 


tigedan af 


CHAPTER IV 


DYNAMIC NUCLEAR MAGNETIC RESONANCE STUDIES 
NANA EUV 
OF SIX-COORDINATE IRON, RUTHENIUM AND OSMIUM 
ONE NE AAND DOM LOUM 


CARBONYL DERIVATIVES WITH GROUP IV ELEMENTS. 
ED NE EE SRUUE LV ELEMENTS 
1. Introduction 


Intramolecular or polytopal rearrangements in 


Six-coordinate transition metal complexes are rare, or at 


least, that was the general consensus Upstorabout, 1970. 
This was attributed to the "pervasive stability of the 


octahedron with respect to all alternative six-coordinate 


geometric forms.">° 


In 1970, the first unequivocal demonstration of a 
polytopal rearrangement in six-coordinate complexes, 
155 
Fe[P(OEt) ] ,H, and Fe [PhP (OEt) ,] ,H, was presented. 
In subsequent publications, it was amply demonstrated 


that ML ,H, complexes (M = Fe and Ru, L = phosphite, 


phosphine) are a rich source of stereochemically nonrigid 


cretkeeutige ee 


The mechanism proposed for the interconversion of 


these epecies ane and substantiated by detailed line-shape 


es Goro! 


analysis, is known as the "tetrahedral jump", and 


accommodates these highly distorted structures, as proven 


E587 159 


by X-ray diffraction studies. However, a trigonal, 


or Bailar, twist could not be ruled out .1>7 


66 









= 
. id 
cs { 
: on. Ont 
A rm 
1 oh LMA 
ovate - _ 
of 
‘ 
ie i Jhb 
ie ; 
, + tT ™ 
“A 1 
iv { Y 
. — - - 
‘ | 
fe o> 7 
¢ 
<+ 1 
= 
4 
— * Tr | 
’ es ‘ = + Lay i, 3 
. 
. ‘ ,y j ++” t 
2 Slycrisazs ei 


: f oe. 


P : 
' 2 ft siya? 


¢ rgsce% Gac 
‘s? [,'? . 7 [351091 
j 4 tor GA * 


PP >" 

hid ited (dey, Seoppoadee ae 
- i. : 

a = it “nf . ‘wy ope (ealdg G one 


. . toe. a8? 5 


hee 
: : x fou 310 







ae 
‘ 
t 
e 


Geede-oalt votes! 


- 


: hte = 
LE a m A] : ir t. 4 = 
Salle 5 rs to 


tict" ott 26 coe 
pa? © ae . 





- a = _ 
. 26 be) ise ash .% J 
i) 1} 


i] 
md 


67 


In 1972, a report from this laboratory provided 
1h nmr data on the first stereochemically nonrigid 
six-coordinate transition metal carbonyl derivative, 
Os (CO) , (SiMe,),, for which cis and trans isomers inter- 
convert rapidly in solution above 55omo° 

It was anticipated that 136 nmr spectroscopy would 
play a key role in the continuation of these studies. 
Since axial and equatorial carbonyl groups of a cis 
tetracarbonyl derivative can be distinguished, any 
process which involves their interchange at an appropriate 
rate may be recognized. 

This chapter presents the results of a dynamic 
nuclear magnetic resonance study of an extensive series 
of M(CO) ,(ER,), type derivatives (M = Fe, Ru, Os; E = Si, 


Ge, Sn, Pb; R = organic group or halogen). 

2. Results and Discussion 

2.1 Spectroscopic Studies of Fe (CO) , (ER,), in sSoinution 
ee ee Beek In PoOlLution 


Ree Doe cne oC nmr spectrum of Fe (CO) , (SiMe,), 
consists of a single carbonyl resonance at 208.07 ppm and 
a methyl resonance at 7.61 ppm (Table I, page. 35) seat 
-90°, the spectrum shows carbonyl peaks 7ate2082.50 
(assignea?’ as axial) and 207.64 ppm (assigned as equa- 
torial) in addition to the methyl resonance at 7.50 ppm. 
The pattern of coalescence as the sample is warmed from 


-90° is shown in Figure 7. ‘The low temperature limiting 
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spectrum is reached at -80° and the coalescence temperature 
is]-55°.s Spectra are completely reversible. The compound 
is stereochemically nonrigid. 

The Relea rcen of the carbonyl signals at -90° was 
4.0 Hz, larger than the width of 2.6 Hz observed at -20°. 


We attribute this to a outa Spin-spin coupling (the 


sample was 35-403 T3K0 enriched because of solubility 
problems below -40°) rather than to a viscosity effect 
Since the half-width of the TMS signal was practically 
unchanged to -90°. In the simulation of the spectra, a 
low temperature limiting half-width of 2.6 Hz was employed. 
Line-shape analysis of seven spectra recorded between 
-40° and -70° led to the following activation parameters: 
Ree 10648 0-6 keal moles f= 20838 6G cu 

The free energy of activation for this rearrangement 
process can be calculated considering the chemical shift 
separation of the axial and equatorial resonances in 
the low temperature limiting spectrum (19.5 Hz) and the 
coalescence temperature (see Experimental Section). 
The AG" value (10.7 kcal mo17*) is remarkably close to 


the one calculated from AH! and AS* values obtained from 


complete line-shape analysis (10.9 kcal mo laave 



























aa | | eee) .), P » eee ee 
esti sours? > “He yfeon nat hes +t 44 nxawawe ad 

non atl iitevavon yl “hon wee e52seqgs feeling a 
ho? cot Revert vi Leo tmsooote se ae 


(gia a" iat pay them: dbiw-2 ind af 4)! 
= 


Tats itbhic <i feds segred sees 
Ett od ehtd atodieede 


Aad psi yee ann* *gs-2f egw els 


othe sedate (°C1~- wolsd ere 


ts -Sfit 15 .*t@- of bene 


e 49> (u- pied ‘pttietl esteterewesy 


Tf 


= YAO ‘<< ara Hest oles 16 wiBeyleee ounta-omke 
viwwosiak edd og Sat SOY Rm ™ 
= 

'” Ary ot Lod! 3.0.8 O00L =f 
BVlInNS tig yeaeda e622 od: 

(amos otal ied G> of nao 8 

wi'igee Boa. teiste et? 36 SOL? 

e's Df). ners baa eet hae jae Tages wol™ 

olf : bers : Lett oye: ) Teves Oe? S pao . 

Cys Series. vy ides cay . et ( tom, fae * «Oh ) outdine "9A: 

fox i Th mera gay lay 1a fie he mniorN Seteias tes ano. 


vane eee 


Figure 7. 


Variable temperature ee nmr spectra (carbonyl 
portion) of ets—Fe (CO), (SiMe,), in CDCl. with 
corresponding simulated spectra at right. 


Sample is enriched with "ela 
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A careful examination of the bee nmr spectrum above 
coalescence (25°) showed two satellite pairs of the 
carbonyl resonance at 208.07 ppm, as shown in Figure 8. 
The imac whe is assigned as Gia Carea7s%) = OSS Ns bar, 


27 re) =25 1) HZ Anis value 


and the outer pair as Taos 
of TCE) compares favourably with the similar 
coupling in Fe (CO), (23.4 Hz) ©? and (butadiene) Fe (CO) , 
(2:79 Haw Observation of ligand atom-ligand atom 

and ligand atom-metal atom spin-spin coupling in the high 
temperature spectrum of Fe (CO) , (SiMe,), confirms that the 
carbonyl averaging process does not involve ligand-metal 
bond breaking. This is further substantiated by the 
failure of Fe (CO) , (SiMe,), to exchange with feo in 
solution without ultraviolet irradiation, and also by the 


As! for the rearrangement, which is consistent with a 


process which is neither dissociative (large positive el 
expected) nor associative (large negative Ast expected): 
The low temperature aC nmr spectrum of Fe (CO) , (SiMe,), 
indicates cis geometry for this species. Evidence for this 
isomer comes from an oe study as well, which will be 
described in Chapter V. A likely mechanism for carbonyl 
interchange in cts-Fe (CO) , (SiMe,), would involve its passage 
through a trans intermediate (all carbonyls equivalent) 
and return to the cis form. Had the low temperature 


ei Wes 1 
limiting 36 nmr spectrum shown a detectable amount of 


trans-Fe (CO) , (SiMe,), in equilibrium with the cis isomer 


at | | 1 ee 7\ , 
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(as is the case with the osmium analodyis its intermediacy 
in carbonyl interchange of the cis isomer would have been 
indicated by the coalescence of peaks of both isomers 

On warming. While our failure to detect any peak due 

to the trans isomer in the low temperature limiting spectrum 
means that no such positive indication is available, it is 
in no way inconsistent with a trans intermediate since 

it might merely reflect a small cis == trans equilibrium 
constant. 

A strong indication for a trans intermediate in the 
rearrangement of ets-Fe (CO) , (SiMe), comes from the variable 
temperature 136 nmr study of the related chelate derivative, 
Fe (CO) ,SiMe,CH,CH,SiMe,. For this compound the trans 
form is inaccessible, and consequently the spectra showed 
stereochemical rigidity, on the nmr time scale, at g0°.°7 

Infrared spectra in solution provide evidence that 
Significant amounts of trans isomer (about 20%) exist in 
equilibrium with its cis counterpart at room temperature. 
In Figure 9, the infrared spectrum of Fe (CO) , (SiMe,),*7° 


is compared with that of Fe (CO) ,SiMe,CH CH, SiMe both 


Dione? 2s 


spectra in n-heptane. For a evs-M (CO) 4X, derivative of 


Coy symmetry four infrared active bands (2A, + By 


are expected. This indeed was observed in the infrared 


+ B.) 


4°1Me,CH,CH,SiMe, (Pigure 9). “Lt fis 


apparent that four of the bands of ets-Fe (CO) , (SiMe3), 


spectrum of Fe(CO) 
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Figure 9:. 





2050 2000 1950 


Infrared spectra of Fe (CO) , (SiMe,) 5 and 


Fe (CO) ,SiMe,CH,CH,SiMe, in n-heptane. 


We 





(those at 2069, 2006, 2000, and 1979 emo are very 
Similar to the bands of the chelate. The remaining two 
bands (at 2062 and 1964 cm +) are assigned to the trans 
isomer. The infrared spectrum of the trans isomer will 
be discussed further in Chapter v. 

In toa eiCQ) 7 (SiMe™), the coalesced signal at ambient 
temperature is the exact average of the two carbonyl signals 
at -90°. One way to rationalize this observation in gnc 
of the infrared results is to assume that the 1360 chemical 
shift of the trans isomer is nearly the same as that of 
Ene mean Of axialgand equatorial 1300 resonances of the 
cis isomer. However, Givenmrne error of tf 0.06 sppm in 
chemical shift, one could have 20% trans at room tempera- 
ture, assuming a chemical shift of 208.50 (the chemical 
) 


Shpretewor the axial Carbon. in cts-Fe (CO) , (SiMe see 


B92) 


Table I), without exceeding that error limit. 
The variable temperature mre nmr spectra of 


ets-Fe (CO) , (GeMe.,), abe Shown in Figure 20. “Activation 


parameters derived from spectral simulation are AH™ = 


n2e) 20.4 kcal molt and as' e070 2 peu. aliemrree 
energy of activation for the rearrangement process, 
calculated from the chemical shift separation of the axial 
and equatorial resonances in the low temperature limiting 
spectrum (40.5 Hz) and the coalescence temperature (-20°), 
Ls 0122) Weoa amo Wee thei radntemt a very close to the one 


+t i 


derived from AH’ and AS’ parameters obtained from complete 
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POrtion)2 ot ets-Fe (CO) , (GeMe,) , in cD,Cl. with 
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line-shape analysis (12.3 kcal mode ye The infrared 
spectrum of Fe (CO) , (GeMe,) , shows four bands at room 
temperature, which is consistent with a cis geometry in 
solution. However, the infrared spectrum does not rule 
out the presence of the trans isomer since the band (s) 
expected for it may be coincident with bands assigned to 
the cis isomer (see page 112, where the infrared spectrum 
of Fe (CO) 4 (SiCl3), is discussed). 

All ets-Fe (CO), (SnR,), derivatives (R = Me, Et, Pr, 
Bu, and Ph) studied here were stereochemically nonrigid. 
At low temperatures, say below -50°, the eye nmr spectra 
of these derivatives shows two t366 resonances, due to 
the axial and equatorial carbonyls of the cis molecule, 
and the corresponding 1 Coss satellites. The lower 
spectrum of Figure 11 presents the slow exchange limiting 
spectrum of ets-Fe (CO) , (SnMe,) Wi Other examples were given 
in Figure 5 (page 31) and) Figure 6 (page 33). 

At low temperature broadening of the 13, resonances 
due to the carbon atoms of the organic group in 
ets-Fe (CO) , (SnR3), derivatives (R = Et, Pr, Bu) occur. 
For example, the half-width of the C-1l to C-4 peaks of 
ets-Fe (CO), (SnBu,) , chacs Meera UNG iy  Geyiee cbeley Sin ey Ugivay. 
mespectively, “at —-80°— It is probably that eat thesemlow 
temperatures, there is restricted rotation about these 
bonds in these derivatives. A similar effect was noted 


for ets-Fe (CO) ,(SnPh,),, only in this case the resonance 
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due to C-l remained sharp, at 2.5 Hz, whereas the C-2 and 
C-3 resonances broadened to 8.8 and 9.5 Hz, respectively, 
at -90°. The C-4 peak was obscured by the C-3 absorption. 
A possible explanation is a restricted rotation about the 
C-1, C-4 axis of the phenyl ring. 

On warming, the two carbonyl peaks coalesce. 
Similarly the 1300-sn couplings collapse but because of 
their large chemical shift separation do not appear - as 
a single doublet about the main peak - until 20° (Figure 
bijetop spectrum).- The retention. of ecouplangein the 
high temperature limiting spectrum of this, as well as 
other ets-Fe (CO), (SnR,), derivatives (Table V, page 58) 
establishes the crucial point that the averaging process 
occurs without ligand dissociation. This has been shown 
to be the case in a similar way for ets-Fe (CO) ,(SiMe,).,, 
and it is assumed that all compounds of this type behave 
Similarly. 

Infrared spectra of Fe (CO) , (SnR,), derivatives in 
solution show four carbonyl stretching bands consistent 
with a cis geometry. In most cases the bands were broader 


than normal due to conformational effects. 


2.2 The Mechanism of Rearrangement of cts-M (CO), (ER,), 


Complexes. 


13 : ; 
The C nmr and infrared study of ets-Fe (CO), (SiMe,), 


presented above have suggested the intermediacy of the 
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trans isomer i the carbonyl rearrangement process. 
Alternative axial-equatorial averaging processes 
which do not involve the trans form can readily be 
feral weal If the activation energy for any of these 
alternative processes is lower than that for isomeriza- 
tion, then averaging will occur in the cis molecule 
independently of the trans. A test of this possibility 
is afforded by several of the compounds discussed here, 
for which both cis and trans isomers are clearly observ- 
able in the bite nmr spectrum below coalescence. In such 
casespralittiree 1309 peaks of the spectrum appeared to 
coalesce to a single peak at the same rate as the 
temperature was raised. Qualitatively, there was no 
indication of earlier coalescence of the two peaks of the 
cis compound as would have been expected had an averaging 
mechanism of lower barrier been available in the cis isomer. 
In order to show more quantitatively that the trans 
isomer is involved as an intermediate in the averaging 
process, a detailed study was made of the cis-trans isomer 
mixture of Os (CO) , (SiMe,),. This compound was chosen in 
view of the quality of the spectra obtainable and the fact 
that reasonable amounts of both isomers were present. Anits 
thermal stability was such that spectra could be obtained 
up to 140°, where coalescence was well advanced. Moreover, 
the dynamics of the cis-trans isomerization of the 


compound had been investigated earlier by ae rma 
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Carbon-13 spectra of the carbonyl and methyl regions 
of Os (CO) , (SiMe). between 30° and 140° are shown in 
Figure 12. The rate constants indicated are those which 
best simulate the methyl region; they lead to AHT = 
L6. 4% 0% 3okcal noise ast ais2eoe 20nG) Seu aetor the: cis 
to trans reaction, in satisfactory agreement with, although 
Slightly smaller than, the values Ant =) 1 798th 06 fand 
MeMOseeEOAGuKCalemolesOAS = 4Grt cliteand 1% 5+ 27 te. 
obtained by oe, nmr in shieomenee nae 2" and toluene-d,, 
respectively.” 

The rate data obtained from the methyl region were 
then used to calculate the spectra for the carbonyl region, 
under the assumption that axial-equatorial averaging occurs 
only via the trans isomer. The excellent agreement 
between observed and simulated spectra in the carbonyl 
region justifies the assumption, and must be regarded as 


strong evidence that this is the major, if not the oniy, 


process occurring for axial-equatorial averaging in the 


ee ee ee ee EOE AMIS, 2h She FeO) 4g. 
* 
The 430 nmr rate data were obtained over a larger temp- 


erature ranges (35°-110°). than ae nmr data (40°-100°). 
Also, the chemical shift difference between the cis and 
trans resonances was greater in the Te spectrume(338Hz) 
than in the ly spectrum (10 Hz). Both of these factors 
could explain the smaller errors associated with the 
activation parameters derived from line-shape analysis of 


36 nmr spectra.’ 
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cis isomer. Line-shape analysis reveals that any other 
process which interchanges the axial and equatorial 
carbonyls must have a rate less than about one tenth that 
for cis-trans isomerization; otherwise detectable broad- 
ening of the cis carbonyl signals would result. The 
upper limit of one tenth is based upon the following half 
width data for peaks of the cis isomer: observed at low 
temperature limit (-20°), 2.8 Hz; calculated at 55° based 
only upon cis to trans isomerization (rate 25.2 secma) 
10.8 Hz; observed at 55°, 9.0 Hz; calculated at 55° with 
a Simultaneous axial-equatorial interchange (rate 2.5 
eece a) Omi Z 

Further proof for a trans intermediate in the carbonyl 
rearrangement of the cis isomer comes from the aoe nmr 
studies of ets-Fe (CO), (SnR,), derivatives (R = Me, Et, 
Pr, Bu, and Ph). The weighted average of the three 
sn-)7co coupling constants from the slow exchange spectrum 
is significantly higher than the value found in the fast 
exchange limiting spectrum. For example, in ets-Fe (CO) ,- 
(SnMe,),, the weighted average of sn-13¢0 coupling 
eonstants 159/754 Hz? the observed value, at 20° and 40°; is 
60 Hz. This discrepancy may be due to the presence of a 
small amount of trans-Fe (CO) ,(SnR,), at high temperatures. 
uy trans-Os (CO), (SnMe,) 5, 25 (Sn=4° CO) is8el Hz (Figure 3), 
smaller than any coupling constant in the cis isomer 


(Table VI, page 60). 
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The trans isomer may be obtained from the cis isomer 
vta a trigonal or Bailar twist 500-164 which is a non-bond 
breaking mechanism. Support for this mechanism comes from 
the isomerization study of ets-Ru(*%co), (CO), (SiCl,)5.1° 

An alternative to the above mechanism is suggested 
by the X-ray structure of cts-Fe (CO) ,(SiMe,), (Chapter Vv) 
One way of describing the distorted structure of the 
molecule would be to say that the four CO groups are 
approximately tetrahedrally arranged, with the trimethyl- 
Silyl groups over two of the faces of the tetrahedron. 

A similar geometry was observed in the crystal structure 
of eis-Fe[PhP(OEt).],H,,>° with the phosphorus atoms 
tetrahedrally coordinated around the metal, and the 
hydrogens occupying two faces. The averaging of os 
resonances in this molecule may occur via a tetrahedral 


jump mechanism, 126/157 


A motion (or jump) of the hydrogen 
atoms over a tetrahedral edge would result in a distorted 
trans structure, which would equilibrate eas resonances 
by inversion. Then, of course, the hydrogens return to 
a cis position. This rearrangement occurs without bond 
rupture. A similar mechanism is possible for ets-Fe (CO) ,- 


(SiMe,) 5, although lack of nuclear labelling precludes 


any definite conclusions. 
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Pe Trends in Activation Energies for the Rearrangement 
ee SS energies Or the »nearrangement 


of M(CO) , (ER,),, Derivatives. 


The Pate nmr study of ets-Fe (CO) ,(SiMe,), and 
ets-Fe (CO), (SnR,), (R = Me, Et, Pr, Bu, and Ph) presented 
above established that averaging of axial and equatorial 
SCO resonances was rapid on the nmr time scale at room 
temperature, and that ligand dissociation did not occur 
during the averaging process. A favoured averaging 
mechanism involved isomerization to the trans form (in 
which all T300 groups are equivalent) and back to the cis 
form. 

We discuss here the variation over the family of 
compounds studied of the barrier to axial-equatorial 
averaging. In view of the foregoing, this is assumed to 
be equivalent to the barrier for cis to trans isomerization 
in all cases. 

The most striking fact is that barriers are lowest 
for the iron compounds. All ets-Fe (CO) , (ER), derivatives 
(R = alkyl group) exhibit a single 1340 resonance at room 
temperature. The activation parameters for ets-Fe (CO) ,- 
(SiMe,), and ets-Fe (CO) 4 (GeMe,), derived from spectral 


Simulation are AH! = 1024 420. Geand) 12. 5e+00 140 koala ae 


and ast =)-2:.3)2)2.6.and 0.6 #50620" ,@respectively. 


1 


The barrier for the rearrangement of ets-Fe (CO) , (SnMe,), 


is Similar to that of.the silicon analog (see below). 
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Although it was an objective of the present 
investigation to characterize the nonrigid behaviour of 
these compounds quantitatively, the quality of ae nmr 
spectra ‘B the region of collapse for most derivatives 
was rather poor despite all reasonable efforts (see 
Experimental Section). Attempts at simulation were not 
justified in these cases. However, to permit at least a 
qualitative assessment of barriers, Table VIII presents 
values of AG? calculated at the coalescence temperature 
from the axial-equatorial 1340 separation at the low 
temperature limit. As Table VIII shows, the crude AG? 
values so calculated are in excellent agreement with those 
from a complete line shape analysis where available. This 
2! where the 


involvement of the trans form in coalescence is ignored 


is true even in the case of Os (CO) , (SiMe, ) 


in the crude calculation. Thus, we consider that the act 
values of Table VIII are useful as an indication of trends. 


Free energies of activation for the averaging process 


are 6-8 kcal higher for the ruthenium and osmium derivatives 


than for the corresponding iron compounds (of Table VIITI). 
A similar trend was noted among the hydrides MIP (OR) ,],H, 


(M = Fe, Ru) insofar as the barrier to rearrangement was 


pone nec aa thus AG’ for Fe [PhP (OEt),] ,H, was 12.2 
kcal mania while for Ru[PhP (OEt) 5] ,H, lt. Was. )7 <2) ikeal 
nollie 


An important trend arises in the series Fe (CO) ,- 


(SiMe on 


aa oe where the barrier increases steadily with 
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increasing chlorine substitution. Thus (Table VIII), 

Ac’ SeLOemercal fOr in = 0) 513.2 kcal for n = Lee Lore 5 
Koalmroneny==2,8andy17.5 kcal itfonm = 3. The same trend 
was previously noted in the osmium series Os (CO), (SiMe,),, 
Os (CO) , (SiMe,Cl),, and Os(CO), (SiMecl,),,°° but no 
information is available for Os (CO), (Sicl,)., for which 
only the trans isomer is known. 

For the séries ets-Fe (CO), (SnR,), (R = Me, Et, Pr, 
Bu, and Ph), there is little variation in act values, 
i.e., the steric bulk of the SnR, groups has little 
influence upon the rearrangement. However, chlorine 
substitution increases the barrier for rearrangement, as 
observed for the iron-silicon complexes, and eis-Fe (CO) ,- 
(SnCl,), 1S stereochemically rigid on the nmr time scale 
at room temperature. 

There appears to be a correlation between T3040 
chemical shifts and stereochemical NOMGICGTdLLY, ine these 
molecules: the more deshielded the carbonyl resonances, 
the lower the barrier to axial-equatorial rearrangement. 


This is illustrated below for Fe (CO) , (SiMe Clan 


Sie ay 
derivatives: 
Compound CO COM AGM (ca lmonea? 
ax eq 

at coalescence 

ets-Fe (CO) , (SiMe,), 208250 207.64 LOtay 

ets-Fe (CO) , (SiMe,Cl), 2050.0 ZOUsee7 13.2 

ets-Fe (CO) 4 (SiMeC1,), 202.46 200.14 16.5 


eta-Fe (CO) ,(Sicl.), 199.44 197.34 Ne os) 
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Table VIII 


Coalescence Temperatures and Free Energies of 
Activation for Axial-Equatorial Averaging in 


eis-M(CO) , (ER,) 5 Derivatives.* 


————— a a a ee ee ee 


Compound Aé (Hz) Coalescence ac! (kcal mo1*) 
Temp (°C) at coalescence 
Premabe ne Whisk wre! fyvilerdg in eidivncweee 
Fe (CO) , (sime,) . Tos = OMEN HO RO 
mea(CO) (cies Cl) 5. 55.0 5 Ree 
Fe (CO) , (SiMec1,),°"° 52.5 70 16.5 
Bereoy, (Sicily) ecrS 47.5 90 eS 
Fe (CO) , (GeMe,),” A005 -20 Lo miealioe sy 
Fe (CO) , (SnMe,) ,~ Cy ae -75 One 
Fe (CO) , (SnEt,),.” 22.0 =50 10.9 
He (CO) , (SnPr,),° 18.0 -60 Woh § 
Fe (CO) , (SnBu,),” AN -50 10.9 
Fe (CO) ,(SnPh,),” Bail Jas ile) 
a LCOUMSDOLe) ha 2.4 >20 >15.8 
Ru (CO) , (SnMe,) ,* nye fe 100 17.4 
Ru (CO) , (Sic1,) 9 ae ae 25.7 
Os (CO) , (SiMe) ,4"P 199.0 100 Moat (abet 
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Footnotes to Table VIII 


ue : : : 
From 36 nmr spectra with the single exception noted. 
Aé is the chemical shift difference between axial and 
equatorial carbonyl groups in the low temperature 


limiting spectrum. 


cD,Cl. solvent 


Toluene-d, solvent 


Trans isomer also present (see text and Table III) the 


peaks of which are involved in coalescence. 


CDCl. :methylcyclohexane-d 


2e+5 (1:1) solvent (see text). 


14 


As neat liquid. 


PEeesecnergy OL activation for cis to) trans isomerization 
in n-octane by conventional kinetic methods as calculated 


from data in reference 95. 
Decalin solvent. 


Values in parenthesis are eal calculated for coalescence 


+ + 


temperature from AH and AS obtained from complete line- 


shape analysis treatment. 


ag ; of qe ae ere 
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One way of explaining these results may be vita the 
t-back bonding theory of chemical shifts, which was 
presented in Chapter II. A more shielded carbonyl 
resonance implies less 1-back donation to the carbonyls 
and more ‘to the SiMe, Cl, groups. This in turn may be 
related to the barrier to cis-trans isomerization. Thus, 
compounds containing good t-back bonding ligands, such as 
Sicl,, would have a higher barrier, and this indeed was 
observed in this work. Arguments of this kind have been 
used before to explain the hindered rotation of coordinated 
monoolefins in transition metal complexes or the rotation 
about single bonds or partial double bonds in organic 
molecules.>’ 

On the other hand, it may be that a ground state 
geometry other than the idealized regular octahedron 
provides a facile path to rearrangements. For ets-M(CO) ,- 
(ER), derivatives a considerable range of distortion is 
possible, from the pseudo-bicapped tetrahedral evs-Fe (CO) ,- 
(simMe,),”° to the almost perfectly octahedral ets-Ru (CO) ,- 
(CC Wigake” Thesstructure, of these) and of other related 
M(CO) , (ER,)., derivatives will be discussed in Chapter V. 

The study of the dynamic behaviour of M(CO) , (ER), 
molecules by mi nmr is complicated by the large span in 
the barrier for cis-trans isomerization. One often has 


to go to very low or to very high temperatures to observe 


limiting spectra. Two examples will illustrate this point. 
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The =e nmr spectrum of ets-Fe (CO) , (SnMe,)., showed 
a Single 1306 resonance down to -80° (CD,Cl.) ande-9 0° 
(toluene-d,) - Attempts to reach lower temperatures using 
methylcyclohexane-d, , failed because of high viscosity 
of the solution below -60°. Using a Deo eee oneal sample 
in the solvent CFLHC1:CD,Cl, (4:1), a single resonance 
was again observed at -110°. However, all three sn-+3¢9 
couplings were observed, which established that the 
compound is stereochemically rigid at -110°, and that the 
Single carbonyl resonance is due to accidental degeneracy 
of the axial and equatorial peaks. 

In the mixed solvent methylecyclohexane-d, ,:CD,C1., 
Cr: EP, two 1340 peaks separated by 4.7 Hz were observed 


ate=1T0°% (Figure’ 11) "At ™the end of data Collection, 1t was 
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noted that the solution had Separated into two layers. However, 


we believe that there was a genuine separation of the 
axial and equatorial resonances since two sets of tPCosen 
couplings were observed to be centered about the peak to 
low field and one stronger set centered about the high 
field peak. The couplings were identical in magnitude 

to those found in the CF 


HC1/CD,C1 experiment. 


2 2 
Although the Ly nmr spectrum of cts- and trans-Os (CO) ,- 

(SiMe,), Showed coalescence at 55°, temperatures as high 

as 140° were required to observe a well advanced coalescence 


in the 36 nmr spectrum. Most of the compounds studied 


here decompose rapidly at these high temperatures, and 
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although collapse of SCO resonances in M(CO) , (EMe,) , 
derivatives (M = Ru, Os; E = Si, Ge, Sn, and Pb) was 
observed at 90°, the coalescence temperature could be 


determined in but a few special cases (see Table VIII). 
3. Experimental Section 


The nmr instrumentation and technique has been 
described in Chapter II. All variable temperature ia 
nmr spectra were recorded on the Bruker HFX-90 spectrometer; 
the room temperature spectrum of PCO lene Cree Fe (CO) 4- 
(SiMe,), was obtained on the Varian HA-100 instrument. 

The number of pulses was usually one thousand (1K), 
but as many as 2K to 12 K pulses were required in spectra 
where coalescence was SCCuEaIng. 

The spectrum of Ru (CO) , (SnMe,), above 100° was 
determined using the pure liquid. The lock consisted of 
dimethylsulfoxide-d, contained in a 5 mm nmr tube fitted 
coaxially in the larger tube. The spectra of Os (CO) ,- 
(SiMe,). were measured in a sealed tube, with freshly 
distilled decalin as solvent, and dimethylsulfoxide-d, 
in a sealed capillary as the lock. The sample (1.0 g) was 
enriched with 1306 to approximately 25%. At 140° slight 
refluxing of solvent in the tube occurred, resulting in 
some loss of resolution. For this reason, spectra at 


higher temperatures were not attempted. No relaxation 


reagent was used in experiments where a line-shape analysis 
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was carried out. 12? 


The simulation of the nmr spectra of Fe (CO) ,(SiMe,),, 
Fe (CO) , (GeMe,) , and Os (CO) , (SiMe,) was carried out using 
a two or six site exchange program written and supplied 
by Professor D. L. Rabenstein of this department. The 
computations were carried are on an IBM 360/67 or an 
Amdahl 470 V/6 computer at the University of Alberta. 

The following rates were found for Fe (CO) , (SiMe,),: 
meme cO97. 70527 whe 2a 600 26. 32 55°, 51.8; -50°, 85.5; 
ee tLa Les Al L344) 8 sere. The half-width used in 
simulation was 2.6 Hz (see page 68). From these results, 
activation parameters of AH! aie Oi Ae re O16 ak Ca) mole. and 
Ast = -2.3 + 2.6 eu were calculated from a least squares 
fit to the Eyring equation. 

The rates obtained for Fe (CO) , (GeMe,), were as follows: 


Re eta ee eS Dele 00 704) BAe 1 SOF 1695. 10°, 


eee ee 5S, A.) OF, 2 cer The half-width used in simulation 


was 2.6 Hz, the value observed at -50°. These rates led 
to the following activation parameters: net 12 5 t 104 
CES IIT Ga SS Cee ce ae 


The line-shape analysis of Os (CO) , (SiMe,), was 
complicated by two factors: the chemical shift difference 
between the methyl peaks of the trans and cis isomers 
varied with temperature, and the ratio of isomers changed 
with ee ee ae 

Study of the change in the methyl carbon chemical 


shift difference with temperature at temperatures below 
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the region of collapse suggested the following relationship 
between the chemical shift difference (AS) with temperature 
(T°K) as established by a least squares fit: 

, AS = -0.0844 T + 54.08 
From this relationship Aé in the region of coalescence could 
be estimated. 

Similarly from the ratio of isomers, as obtained by 
integration at temperatures below 50°, the following 
equation was established by least squares: 

Log) Ke=8-185.9/7Te+20-8707 

where K is the ratio trans:cis. Thus the ratio of isomers 
at temperatures greater than 50° could be estimated. The 
equation implies that AH° = 0.85 kcal mo1~t and AS° = 4 eu 
for the equilibrium: 

ets-Os (CO) , (SiMe,), ===> trans-0s (CO) , (SiMe,) , 
These results are in good agreement with values obtained 
Br 20 or toluene-d, solvent). 


EAS) 8 
Low temperature limiting half widths (-20°) used 


using ly nmr data (CH 


in spectral simulation were 2.0 Hz for trans Me, and 
2.2 Hz for cis Me, leading to the following rates. The 


» 


first value given after the temperature (°C) is Ko the 


a 
rate of isomerization of cis and trans in secnar and the 
second figure is the corresponding rate (ki) for the 
trans to cis process: 
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20g, ear, OOF L000) 575, (24401 0%, P2008 T5000: 


From these results activation parameters of 


t.. =] 
ee = "1624! £0. 3hkeal mors +, ast, =W-2,3t0Ne) cu, 
AH, =e Smou0 MSUKcal\ molasaikangl As, #e=8= 6esyio: Sled 
Cc tc 


were calculated from a least squares fit to the Eyring 
equation. 

In the calculation of the activation parameters only 
rate constants between 35° and 110°C were used since values 
outside this range were subject to larger experimental 
error; this was especially the case with the spectrum at 
140°. 

From the Eyring equation, rate constants at particular 
temperatures were calculated and used to simulate the 
spectra in the carbonyl region. The model used in calculat- 
ing the simulated spectra assumed that the trans Signal 
gave rise to axial or equatorial resonances in the cis 
molecule with equal (0.5) probability; that the axial and 
equatorial resonances each produced the trans resonance 
with unit probability; and that the probability for direct 
axial-equatorial carbonyl interchange was zero. Half 
widths of T3460 resonances in the low temperature limiting 
spectrum (-20°) = 2.4 Hz for the trans isomer, and 
2.8 Hz for both axial and equatorial signals of the cis 
isomer. 

The small peak observed between the cis carbonyl 


resonances is due to an impurity, possibly [Os (CO) ,SiMe,],- 
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For the rest of the compounds, where collapse of the 
carbonyl signals was observed, line shape analysis of the 
spectra was not considered worthwhile. Because of the 
large chemical shift difference (2-5 ppm) between the 
two peaks the signal in the region of collapse is spread 
Over a large region and is therefore weak. Large errors 
are consequently involved in simulating such a spectrum 
with concomitant errors in the activation parameters. 
Several spectra having 8K scans each would have been 
necessary for a satisfactory analysis. The time required 
for 8K scans is approximately two hours and many of the 
compounds showed signs of decomposition after only one 
two-hour period at the temperature of collapse. 

An approximate method of calculating act from the 
chemical shift separation (at slow exchange) and the 
collapse temperature was therefore Carried out using the 
welationships te=1/iy/2 «Av. and 1/1. = K (kT/h) exp (-AG'/RT) 
where Tt = lifetime at temperature T, K = transmission 
coefficient = 1, T = temperature of collapse, and Av = 
chemical shift difference in the low temperature limiting 
spectrum. ; 

In cases where Act was) (Calculated ‘by; both this method 
and from the results of the line-shape analysis it was 
found that the two values agreed within experimental error. 

The line-shape analysis of the 1 nmr spectra of 


Os (CO) , (SiMe), biel toluene-d, was carried out as described 
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above for the mate nmr spectra. The following relationships 
between the chemical shift difference (AS) and temperature 
(-30 to 40°) and between the ratio of isomers (K = trans/ 
cis) and temperature (-30 to 32°) were established by least 
squares fit: 

AS = -0.0211 T + 9.69 

log K = -146.9/T + 0.663 
From these relationships, Aé and K in the region of 
coalescence could be estimated. Also, AH? 3=705 7 keal noee 
and AS° = 3.0 eu for the equilibrium. 

ets-Os (CO) , (SiMe), —— trans-Os (CO) , (SiMe,) 
may be calculated. 

Low temperature limiting half widths (-10°) used in 
spectral simulation were 0.75 Hz for the trans isomer, and 
0.70 Hz for the cis isomer, leading to the following rates. 
The first value given after the temperature (°c) is Kot! 
the rate of isomerization of cis to trans in sae, and 
the second figure is the corresponding rate (ko! for the 
trans to cis process: 
oer lee DOL. 77 6.6 JG 55° 01.5 .64-)-9.52;0 60%. 
eo eee OOD 4 54:20 Al 7 OSA 05 to e408 Oe 
MO Ting Sakavasiy UNGER Va waive Ilya MMO, neal, ala ch. 


From these rates the following activation parameters were 
u 7 ue 


calculated: . An) = 8. 052802 6okcaleme eam Semen Sart 
ct ct 
1.7 eu, AH, = 17.3 + 0.6 kcal mol +, ana AS} = 71.6 + 


Deets 
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CHAPTER V 


THES STRUCTUREYV OF M(CO) , (ER,), DERIVATIVES. 


1 Introduction 


The idealized polytopal isomers in the six-atom 


family are the octahedron, the trigonal prism, 7? and the 


bicapped WGakiiedass., Ps pobre 


The stabilization of 
one polytopal isomer with respect to another will be the 
result of a) minimizing all non-bonded contacts, 
b) maximizing the metal-ligand bonding interactions, and 
c) maximizing bonding interactions between the atoms of 
the ligand Wag 
The octahedron is, in most cases, the most stable 
polytopal isomer, and consequently, most six-coordinate 
molecules are stereochemically rigid. However, during 
recent years, a growing number of six-coordinate 
stereochemically nonrigid molecules has been reported?! 


and two non-bond breaking mechanisms have been proposed 


for their rearrangement: the trigonal or Bailar 
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e * 
tuiatho Bak and the tetrahedral jump<t701t57 


The 
intermediates (or transition states) in these rearrangement 
mechanisms are the trigonal prism and the distorted trans 
octahedron, respectively, both of which are normally of 


relatively high energyaseuer a. 


Lowering the barrier to 
rearrangement can nevertheless be achieved, and two strat- 
egies suggest themselves: a) destabilizing the ground state 
octahedron, and b) stabilizing the intermediates or trans- 
ition states. These possibilities will be considered in 


this chapter, where the structure of a number of cis- and 


trans-M(CO) , (ER), derivatives will be discussed. 


Orme Discussion of (thesstructure of evs-M (CO), (ER,), 


Derivatives. 


Most six-coordinate molecules are assumed, and seldom 


— 


* 
Another non-bond breaking mechanism has also been 


proposed, the rhombic, or Ray-Dutt, twist.1/° However, 
this mechanism is completely identical with the Bailar 
vier eee Of course, numerous bond-breaking rearrange- 
ment mechanisms are possible, which occur via a five- 
coordinate intermediate or transition aeare ts However, 
these mechanisms have not been discussed here because no 
evidence for them, as far as the systems studied in 


Chapter IV are concerned, is available. 
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proven, to be octahedral. However, several X-ray investiga- 
tions have shown that in ets-M(CO), (ER,), derivatives 
significant distortions from idealized octahedral geometry 
may exist. The two extremes here would be the regular 
octahedral geometry and the tetrahedral M(CO), arrangement 
with the ER ligands in two of the tetrahedral faces. The 
average of the observed "cis" and "trans" angles between 
CO groups may be taken as a measure of the dieeoteionn s.4 
The limiting values of these angles would be 90° and 180° 
for the octahedron, and 109.5° for the tetrahedron. 

The molecular structure of ets-Fe (CO) ,(SiMe,),, which 
Was Obtainedsby*Dr sak. AwySmith of this department, 7° is 
shown in Figure 13. The molecule exhibits great distortion 
from regular octahedral geometry such that it may be best 
described as a pseudo-bicapped tetrahedron with the 
trimethylsilyl groups as capping ligands. 

The angle between the axial carbonyl carbons 
(C3) —re-C(4)) as 141.2° instead) of the expected 180% for a 
regular octahedron. The angles between the axial and 
equatorial carbonyl carbons (C(1)-Fe-C(3) and C(1)-Fe-C(4)) 
are 103.9° and 103.4°, respectively. Only the angle 
between the equatorial carbonyl carbons (C(1)-Fe-C(1')) 
at 89.5° is within 1° of its idealized octahedral value. 
The Si-Fe-Si angie. is_ LVL. Sees mw Atons OMe (3), erenr Cl4), 
and)0'(4)@are-coplanar-.) Amsovatomenol)7 m0 (iw ye (1) C (1) 


Fe, Si, and Si‘ are coplanar?’ 
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The orientation of the SiMe, groups with respect to 
each other was initially surprising in that two methyl 
groups (C(7) and C(7')) point almost directly at one 
another. ‘The ECP) (7%) = contacteate3 0437 (7) A would be 
considered attractive. 

The silicon atom is equidistant from C(1), C(3) and 
C(4), and all three angles between silicon-iron-and Cl 
Cts), aiid C(4) are less than 90°. This corresponds to a 
very favorable cis-ligand interaction between the whole 
trimethylsilyl group and the three carbonyl carbons closest 
£O 26! The methyl carbons are staggered with respect to 
the carbonyl carbons such that C(5) is almost bisecting the 
C(1)-Fe-C(3) angle, C(6) bisecting the C(1)-Fe-C(4) angle, 
and C(7) bisecting the C(3)-Fe-C(4) angle. This 
"bisecting" geometry dictates the unusual arrangement of 
methyl groups centered on C(7) and C(7'). The distortion 
in this structure relieves the intramolecular repulsions 
C(4)-C(6) and C(3)-C(5). The hydrogen-hydrogen contacts 
between H(8)-H(8') and H(9)-H(9') correspond to repulsion? /? 
and the Si-Fe-Si' angle is consistent with net repulsion 
between the trimethylsilyl groups. 

Although the distortion observed in ets-Fe (CO), (SiMe,) , 
may be rationalized using steric arguments, explanations 
based on electronic reasons have been brought forward as 
well. Thus, it was argued, based on extended Hiickel 


calculations, that very good o-donors, such as the 


trimethylsilyl group, can stabilize the bicapped tetra- 
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hedron, 1°? and the iron becomes an essentially ge system. 
Recent calculations from this laboratory, carried out by 
Dr. A. C. Sarapu using the method of Fenske and Halen ae 
have FOenG that much of the electron density at the metal 
is removed by increased back-donation to the Garbonyy 121 
erbitais soc Nevertheless, these results corroborate the 
above description of the electronic structure insofar 

as the sigma framework is concerned. 

The molecular structure of ets-Fe (CO), (SnPh,)., which 
was determined by Dr. H. P. Calhoun of this BC pee nena 
is shown in Figure 14. The molecule is significantly 
distorted from regular octahedral geometry, although not 
as much as cts-Fe (CO), (SiMe,).,. Thus, the angle between 
the axial carbonyl carbons (C(1)-Fe-C(3)) is 159.6°, and 
the angle between the equatorial carbons is 92.0°. A 
comparison of the E-Fe-E angles (E = Si, Sn) in 
ets-Fe (CO) , (SiMe,), CLE. 8S)" and ets-Fe (CO) , (SnPh,), 


(95.95°) indicates less repulsion between the ER, groups in 


3 
the latter molecule. This is the result of a longer 
iron-tin bond (2.666 A) and of the propeller-type arrange- 
ment of the phenyl groups. 

While the silicon atom in cts-Fe (CO) , (SiMe,), was 
equidistant from the three cis-carbonyl carbons, this was 
not the case with cis-Fe (CO), (SnPh,).. iieract ,.inithnus 
structure for say, atom Sn(l), there is only one short 


° 
contact, to C(1) at 2.94 A, The other two distances, to 


oo 
Cs) and) C(4))) sare: much longer’ (3.06 and 3.14 A, 
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Molecular structure of eis-Fe (CO) ,(SnPh3) 5 
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respectively). On the other hand, Sn(2) is closest to Coir, 
distance 2.93 A. atoms 0(2), C(2), Fe, C(4), 0(4), Sn(1), 
and Sn(2) are non-coplanar; the opposite was found in 

cis-Fe (CO) ,(SiMe,).. The carbonyls in eta-Fe (CO) , (SiMe,), 
were staggered with respect to the adjacent methyl groups. 

By contrast, they are almost eclipsed in evs-Fe (CO) ,(SnPh,).,, 
and close contacts are observed between C(3) and C(5), at 
3.47 A, and between C(3) and C(8), at 3.49 A. These factors 
could explain the less distorted geometry observed in this 
molecule. 

The structure of the related molecule, evs-Fe (CO) ,- 
HSiPh,, was carried out by Dr. K. A. Simpson, formerly of 
this department.*/° Thiseussshown in Figure: !5. © The 
molecule exhibits marked deviation from regular octahedral 
geometry. The triphenylsilyl and the carbonyl groups form 
an idealized trigonal bipyramid with the Si-Fe-C (3) angle 
at 178.0°. Carbons 1, 2, and 4 are staggered with respect 
to the phenyl groups, and they are bent toward the SiPh, 
group. Thus, the silicon atom is almost equidistant from 
uly C2 )h sanduG( 4)" 

The angle between the "axial" carbons (C(1)-Fe-C(2)) 
is 149.8°, and they are displaced toward the hydrogen atom 
rather than the bisector of the H-Fe-Si angle. The angle 
between the "equatorial" carbons (C (3) -Fe-C (4) ) 2Se 960386 

The iron-silicon bond length was 2.415 (3), which is 


significantly shorter than the value observed in 
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Molecular structure of cis-Fe (CO) ,HSiPh,. 
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ets-Fe (CO), (SiMe,) , C2784:56 (2) nie The hydrogen atom 
adjacent to iron was "located" from an electron density 
difference map, and the Fe-H distance was In 55 A. The 
"refined" position for hydrogen afforded an Fe-H bond 
length of 1.64(10) A. Other cts-Fe (CO) ,X, derivatives 

have been investigated by electron or X-rey diffraction, 
but the magnitude of distortion was considerably less than, 
say, in ets-Fe (CO) , (SiMe,),. Distortions from octahedral 
geometry (to angles of 156° and 165° between the axial 
carbonyls) have been claimed for the two independent 
molecules of [Fe (CO) ,SnMe,},*7° DUD Fthemreiiabitityeom this 
data is low due to severe disorder problems. Similar 
distortions were observed in the electron diffraction study 
Lig 


2! orm ther crystal’ structures OL 


1 178 179 
[ (n ~CeH,),SnFe (CO) Fe (CO), (C, 5H,0), and 


of ets-Fe (CO) ,H 


a}: 


Fe (CO) ,(C,H,0,) >” wheretangles Ofel465 pal6ouo, 164.4, and 
166° were observed, respectively. Smaller distortions 


(less than 10°) were observed in Fe (CO) , (HgBr),,~° 


Bene) el(Gr, Chin )NG en or [Fe (Co) ,Sicl,],.7°7 

The multitude of X-ray diffraction studies of 
ets-Fe (CO) ,X., derivatives have demonstrated the large 
variation in coordination geometry about the iron atom. 
Distortions from regular octahedral geometry have been 


observed, and they seem to be the rule rather than the 


exception. 
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The crystal structure of the somewhat related 
ets-Fe(PhP (OEt) 4] ,H, Showed a highly distorted geometry, 
with the angle between the axial phosphorous atoms at 
tage oes The distortion observed in this compound was 
used to explain its stereochemical nonrigidity, 197157 
A similar argument seems to apply to M(CO) , {ER,), deriva- 
tives as well. Thus, the most distorted complexes 
discussed here, cis-Fe (CO), (SiMe,),,° ets-Fe (CO) ,- 
(SnPh,)4,°° and eis-Fe (CO) ,HSiPh, > have been shown to be 
stereochemically nonrigid (see Chapeeral jee Also: 

[Fe (CO) ,SnBu,], showed averaging of axial and equatorial 
carbonyl resonances above room Pempera tures ae The 
structure of this compound may be related to that of. the 
corresponding methyl analog, [Fe (CO) ,SnMe,] ,, and it may 
show a similar distortion. 

The crystal and molecular structure of ets-Ru (CO) ,- 
(GeCl3), has been determined by Dr. R. Ball, formerly of 
this department, and it is shown in Figure Ee ace The 
geometry of the molecule is close to regular octahedral: 
the angle between the axial carbonyls (C(1)-Ru-C(2)) is 
173°, and the angle between the equatorial carbonyls 
(C€(3)—Ru-C(4)) is 95°. The average of the C-Ru-C and 
C-Ru-Ge angles is 92.9° and 87.6°, respectively, which 
reflects the existence of stronger repulsive forces between 
the CO groups than between the CO and GeCl, Wiuaniahes’ 
The angle between the GeCl, groups (Ge(1)-Ru-Ge(2)) is 


91.5°, indicating little, if any, steric repulsion between 
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them. 

The 0 nmr of ets-Ru (CO) , (GeCl,), has not been 
determined. However, by analogy to all other ruthenium 
carbonyl derivatives whose i nmr spectra showed stereo- 
chemical rigidity on the nmr time scale at room temperature 
(Chapter II and IV), it seems very likely that the same 
would be true for this compound as well. One could argue 
that the relatively high barrier for carbonyl rearrangement 
in ruthenium and osmium M(CO) , (ER,), complexes (Chapter IV) 
is due to a significantly smaller distortion from regular 
octahedral geometry. 

Infrared spectroscopy has been used extensively to 


study ets-M(CO) , (ER), tomeo ltd Onis see 


Four infrared- 
active carbonyl bands are predicted for such complexes, 
and, in most cases, four were observed. Unfortunately, 
cheeusualitype of anfrared study affords no information as 
to the distortion in these complexes, and in the above 


discussion, conclusions drawn from studies in the solid 


state were extrapolated to solution. 


3. Discussion of the Structure of trans-M(CO) (ER,). 
Sa NN 


Derivatives. 


SeVeraieX-raveditiractiony studiesmo. trans-M(CO) ,~- 
(ER3)., derivatives have been carried out. Some structures 


exhibit the essentially regular octahedral geometry of Dan 
symmetry (10), Dbatedistorbions Of etwor types, Do 4 (11) and 
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Con (1.2), have also been recognized. 


X X X 


X X X 
oialge) 11 kz 


4h Pods ont 


Infrared and Raman spectroscopy may be used to study 
the structure of these isomers in solution, and in certain 
cases, useful conclusions can be obtained. Below, a number 
of examples will be considered which will illustrate the 
power, as well as the pitfalls, of these spectroscopic 
techniques. Finally, the solution structures deduced for 
several derivatives will be compared with the solid state 
studies. 

In Chapter IV (page 72 ), infrared spectroscopic 
evidence was presented for the existence of trans-Fe (CO) ,- 
(SiMe,)., and two infrared active bands (at 2062 and 1964 
aa) were attributed to this isomer. The other four bands 
in the infrared spectrum of Fe (CO) , (SiMe,), lata20697. 20067 
2000, and 1979 ay were assigned to the cis isomer. The 
selection rules for the different trans isomers, as well as 


for the cis isomer, of Co, Symmetry, are given below: 


li 


ft 





ag"): UG \ 
= ’ 





pa 


Symmetry Infrared Raman 
active active 

Dan (trans) Ey is E Ag 

Dog (trans) B. + £ A, + B. fF 

Con (trans) A et By A, oe By 

Coy (cis) 2A, =F By + B, 2A, + By + B. 
The infrared spectrum of Bia abe (CO) (SiMe), is 
consistent with both a Dog and Con structure, and rules out 
the D structure. However, the infrared spectrum of 


4h 
trans-Mo (CO) ,[P(OPh) ,], showed two very weak and one strong 


band, while for a Dan structure only one band was predicted. 


It was argued that the P(OPh) , groups perturb the D 


4h 
symmetry and the a and aie bands gain slight allowed- 
ness. °° This seems unlikely for erans-Fe (CO) ,(SiMe_). as 


the bands attributed to it have intensity medium and strong, 
respectively. 

According to the selection rules presented above, six 
Raman-active bands are expected for a mixture of cis (C..) 
and trans (C.,) isomers and seven bands for a mixture of 
cis(C,_) and trans (D, ;) isomers. The Raman spectrum of 
ets- and trans-Fe (CO) , (SiMe,), (heptane solution) showed 
Five bands at. 2071(4.3) 2066 (39-6) 0 200148), 2001(10), 
and 1984 (3.6) cm™* (relative intensities in parenthesis), 


which indicates accidental degeneracy of one (or two) bands. 
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One could argue, using a "gambler-type" rationale, that one 
accidental degeneracy is more likely than two. Therefore, 

the Con structure for the trans isomer would be the one to 

bet on. 

However, the bands assigned to the trans isomer are 
shifted considerably in the Raman spectrum, while those 
assigned to the cis isomer VeiaVem lett Lei th ate alli. This 
is a nontrivial point. For a trans isomer of Des symmetry 
two bands (Ba + E) are expected to have the same position 
in both infrared and Raman spectra, while for a Con 


structure the opposite would be true. Based on the above 


evidence, the Con structure for vrans-Fe(CO) ,(SiMe.), is 


favoured. 
From infrared studies, Do 4 structures were proposed 
for eu ear eACOv Te and trans-Os (Co) ,1,..°/7188 However, 


as shown above, infrared spectroscopy alone cannot 
distinguish between a Dog and a Con Structure. 

The infrared spectrum of Fe (CO), (Sicl,), is worthy of 
comment. On the basis of its infrared spectrum (four 
bands in heptane or in methylene chloride solution), this 
compound was taken to be the cis Weenies oY The mete nmr 
of this compound, in cb,Ccl, or Foluenesc. solution (Chapter 
II and IV), has shown a mixture of cis and trans isomers 
at room temperature. Clearly, the infrared-active 


band(s) of the trans isomer are accidentally degenerate 


with those of the cis isomer. 
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It was claimed that the trans isomer of Fe (CO) , (SiC1,), 


was recognized by its infrared spectrum as a more volatile 
component from the reaction of Fe, (CO),, and Hen lard 
However, in view of the low barrier for interconversion of 
ets- and trans-Fe (CO) , (Sicl.), (page 87 ), all normal 
infrared solution measurements would involve the equilibrium 
cis:trans mixture. The suggestion ?? that bands attributed 
to ee a BetCO otc.) arelduesinm reality to evs-Fe (CO) ,- 
HSicl, is almost certainly correct. 

Genuine trans-Fe (CO), (Sicl,), was obtained by slow 
sublimation, in an X-ray capillary, and its crystal struc- 
ture was determined by Dr. A. Whitla of this department. 

The structure is shown in Figure 17. The geometry of the 
molecule is very close to the idealized octahedron. The 
GU) -Fe-Si and C(2")-Fre-si ang te=arenolasamand 92.1 o, 
respectively. Thus, the symmetry of the molecule could 
be best described as Cone 

The distortion observed in this molecule may be under- 
stood in terms of the non-bonded contacts between the 
chlorine atoms and the carbonyl carbons. Two cis carbonyl 
groups are almost eclipsed with two chlorine atoms 
(che lCH(1)—-C( 2") and Cal 2)—C (1) "distances ares land 
Sv Al A, respectively), which is consistent with the obtuse 
angles at iron mentioned above. 


° 
The iron-silicon bond length is 2.326(1) A, which is 


considerably shorter than the value observed in 


a3 
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Figure 17. Molecular structure of trans-Fe (CO), (SiC13)5- 





° 
ets-Fe (CO), (SiMe,), (2.456(2) A) and in ets-Fe (CO) ,HSiPh, 
° 
(2.415(3) A). This is consistent with increased 7 back- 


donation to the SiCl. group. 


3 
A similar geometry has been observed in the solid state 
for trane-Ru(CO) ,(GeCl,), (Figure 18),7°°'18° gnans-os (CO) ,- 
POM 
(SnPh,),, 9 and trans-Cx (CO) 4[P(OPh) 415.” Also, the 


Moray diffraction study ions Mn (CO) ,Si(SiMe,), has shown a 
Similar distortion: two cis carbonyls eclipsed with the 


SiMe, groups are bent away from the Si(SiMe,), ligand, while 


the other two carbonyls, which are staggered with respect to 


the SiMe, groups, are bent toward the Si(SiMe,). Migand.57> 


Finally, two ruthenium complexes should be mentioned, 


trans-Ru[PhP (OEt) .] ,H, and trans-Ru(PHMe,) ,Cl.. 


diffraction study of the first derivative has shown 


AQAA y 


Significant distortion from regular octahedral geometry, 
and the six atom RuHP, polyhedron has Dog symmetry. 
Perhaps the best single indicator of the distortion is 
the P-Ru-P angle of yaw On the other hand, an 
X-ray structural investigation of the second derivative, 
trans-Ru (PHMe 


2 25 
seseieee All trans angles in this molecule were 180° 


) cl has shown almost regular octahedral 


(the molecule has a center of symmetry). The symmetry of 


the molecule is C and deviations from octahedral 


2h 


geometry of 2.5° and 4.6° were observed. 
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CHAPTER VI 


METAL CARBONYL DERIVATIVES OF 


1,2-BIS (DIMETHYLSILYL) ETHANE 


i introduction 


The 13, nmr studies of the stereochemically nonrigid 


behaviour of M(CO) , (ER,), derivatives (M = Fe, Ru, Os; 
E = Si, Ge, Sn, Pb; R = organic group and halogen) described 
in Chapter IV have suggested the intermediacy of the trans 
form in the carbonyl rearrangement of the cis isomer. 

To further our understanding of such systems, it was 
of interest to prepare anenser in which the silyl groups 
were linked so that they would be constrained to cis 
positions. In such chelated derivatives, for example, the 
possibility of interchange of axial and equatorial carbonyls 
without passing through a trans octahedral form could be 
investigated. 

The reaction of silicon-hydrogen bonds with metal 


Oo — 218, 1915 


carbonyls has proven to be of great utility, and 


it was accordingly decided to utilize the silane HMe .Si- 


CH,-CH,-SiMe,H aSsdgstarting materials This, chapters 


describes a convenient synthesis of this useful ligand, 


and its reaction with Fe(CO) Ru, (CO) 157 Os,(CO),5, and 


5!’ 
Co. (CO) 9- 


2. Results and Discussion 


The silane starting material has been prepared in 


iL Is? 
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an overall yield of 56% from commercially available organo- 


Silicon compounds using the following sequence of 


: 92 
reactions. 


HoPtcl, 
agen “ . * - cpeg 
ea (e CH, HMe,Sicl —_— Oe CH, CH, Foe (1) 
OEt OEt Cu 
LiAlH, 
Me ,51-CH.,-CH,-SiMe, —_— HMe,Si-CH,-CH.,-SiMe,H (2) 


| | 


OEt CA 


The intermediate in this preparation, 1- (dimethylethoxy- 
Silyl)-2-(dimethylchlorosilyl)ethane, was not isolated, but 


was reduced directly with LiAlH, to yield 1,2-bis-(dimethyl- 


4 
Silyl)ethane. This silane has been prepared before by the 
LiAlH, reduction!?® of the somewhat less readily available 


1,2-bis (dimethylchlorosilyl)ethane.1?/7199 


In general, the silane reacted either thermally or 
with ultraviolet irradiation with carbonyls of the iron 
group to produce the anticipated chelate complexes 13, 


14, ance. 5 These have been fully characterized by 


re tae 


O 
£ 13, M = Fe 
OC | SiMe,-CH, 
ey 2 LA, M = Ru 
ee | Sets -CH tar M = Os 
2 2 
Cc 
O 
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analysis, mass spectrometry, infrared, and nmr spectro- 


13.) ,92 


scopy (ty and 

Compound 23 was prepared by reaction of Fe (CO), with 
the sidane under ultraviolet irradiation; it is a yellow, 
air-sensitive compound, decomposing slowly in solution or 
on storage to form Fe,(CO),, and Fe, (CO) g- 

The much more stable ruthenium and osmium derivatives 
14 and 15 were prepared in a nearly quantitative reaction 
of the silane with M,(CO),, at=75-eand "1000 psi of co.” 
They are white waxy solids. Solutions of 14 and 15 in 
n-heptane showed no change in infrared spectra after a 


24-hour exposure to the atmosphere. 


Complexes 13 - 7) have C. symmetry, taking into account 


2 
the nonplanar character of the five-membered chelate ring. 
Four carbonyl stretching bands are expected, and observed 
in Weeond) 4 (cf Table 1X); three bands are observed in 
ip, no doubt owing to accidental degeneracy. 

Reaction of cobalt carbonyl with excess silane at 


room temperature produced white, crystalline 


16, a rather unstable 


ANIL TAN 


compound particularly in solution. Formation of this 


(OC) ,CoSiMe CH GH Me S1iCo (CO) |» 


non-chelated compound indicates an alternative reaction 


pathway for the silane. The reaction presumably proceeds 


via HSiMe,CH,CH,Me.SiCo (CO) ,, although this intermediate 





The reaction of 14 with cyclooctatetraene has recently 


been Geer ede ae 
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was not observed; reaction of the second silicon-hydrogen 
bond with another molecule of Co, (CO) , [or HCo (CO) 4] 

must then be preferred to chelation, since the latter 
would be expected to form a rather improbable cobalt (IIT) 
complex. 

The infrared spectrum of 16 is as expected for 
noninteracting cobalt tetracarbonyl groups. The E mode is 
not apiaccts since the threefold symmetry is not 
sufficiently perturbed by the rather similar methyl and 
methylene substituents on silicon. The appearance of a 
weak shoulder on the higher energy side of the 2089 cm + 
band is unusual; we can offer no explanation but believe 
that it is genuine. 

An iron complex closely related to 16, 

[ (n°-C,H,) Fe (CO) ,SiMe,CH,],, 
by reaction of the metal carbonyl anion with 1,2-bis (di- 
202 


has recently been prepared 


methylchlorosilyl)ethane. The iron compound appears to 


be more stable. 


2.1 NMR Spectra 


Proton nmr spectra of all compounds (Table IX) show 


Singlets for the methylene and methyl protons of the silane 


ligand. In the chelate compounds 13-13, this indicates 
that the expected rapid ring inversion is taking place 
resulting in a time-averaged Coy symmetry. 

Carbon-13 nmr data for compounds A2-2P are shown in 


Table X. The chemical shifts of the carbonyl carbons move 
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Table IX 


At 


Infrared and “H NMR Data of 1,2-bis (Dimethyl- 


Silyl)ethane Derivatives 


ee ee ee ee eS Sn Oe ee ee 
ty nmr spectrum” 








‘6 a 
Compound Carbonyl stretching bands CH, CH, 

13 2068(6.7), 2003{7.0), 9.00 9.44 
DOOU LANG 978110) 

14 20ST (AeA) 2032 (6.3) 5 5). 30 ONS 
20241803) 2010 (10) 

15 2096(2.3), 2028(4.8), 9.12 9.42 
2012 (10) 

16 ZOGUIAMO IR. 2069 (706). 8.87 9.38 
ZOD eee S) 1995 (10) 

a 


intensities in parenthesis relative to the strongest 


In n-heptane solution. Band positions in cm? 


with 


band as 10, using a percent transmission scale. 


Shoulder. 


Values on t scale, CDCl, solution. 
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Table X 


ake NMR Data of 1,2-bis(Dimethylsilyl) ethane Derivatives* 


ae I CNeML Cale sh cts. 
Compound pyesN 6 - 6 
CO Ore CH, CH, ax eq 
AES: 208.89 2075 36 17.54 8.37, 12,03 
y4P 198.18 1937.58 aT MAGS AS 4.70 4.60 
15 1381.00 v5. D0 MEF eke B89 S35 a8) 


Chemical shifts in toluene-d, on the § scale relative 


to tetramethylsilane. Axial and equatorial CO groups 


defined so that the central metal atom and the two silicon 


ligands lie in the equatorial plane, as shown in text. 


b In CbDCl.. 
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to higher field along the series Fe, Ru, Os. This trend 
parallels that observed in the hexacarbonyls of Cr, Mo, and 
eas A second important trend is the increasing separation 
between axial and equatorial 1300 shifts along the Fe, Ru, 
Os series. No trend of this kind seems to have been noted 
previously for carbonyls of any periodic group. 

In Table X, the 1346 resonance at lower field is 
assigned as axial. Previously, assignment of carbonyl 
resonances in ets-M(CO) ,L. complexes has not been possible. °° 
We base our assignment on a study of ets-Os (CO) ,Ho, ay) 
which the proton-coupled aoe nmr spectrum unambiguously 
identifies the two carbonyl resonances (see also Chapter II, 
SecurOnme2. |=.) . 

The oc Nie sspecurasclearly establish) that compounds 
13-12 are stereochemically rigid on the nmr time scale at 
ambient temperature. As noted above, it was of interest 
to examine the possibility of axial-equatorial carbonyl 
exchange in these compounds, where the chelate ligand 
eliminates the possibility that such interchange could 
occur via a trans isomer. The compounds were therefore 
examined at higher temperatures (80° for 13, LE OP  geke Lay 
and 90° for 15), and found to be rigid at these temperatures 
also. Higher temperatures resulted in decomposition. This 
finding enables a very crude lower limit of about 20 kcal 


mo1 7+ to be assigned to the free energy of activation 
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for the exchange process.* Actually, one would expect 
the barrier for such an exchange in an octahedral complex 
to be a great deal higher. ?3">/ 
The usual problem in an nmr study of fluxional or 
nonrigid processes is to obtain the low temperature 
limiting spectra; the large chemical shift differences 
characteristic of ie Dimewelleas vei chessOlLucion Of 
this problem. However, in the present case, where the 
barrier to exchange is expected to be reasonably high, 
large shift differences are disadvantageous since higher 
temperatures will then be required for coalescence. 
The ake nmr spectra of a number of tetracarbonylmolyb- 


denum glyoxal bis(arylimines), 17, have shown axial- 


equatorial carbonyl interchange, 


Rg 

N CO 
H SY —-., 

eG 


R = p-tolyl, o-tolyl, 2,6-dimethylphenyl, and 
2,4, 6-triisopropylphenyl*°? 
and the free energies of activation for this process varied 


between 10 and 13 kcal eee ale Et wasmargqued,, although not 





* Given the low temperature limiting axial-equatorial 1300 


shift difference of 104 Hz for compound 14, the value of 


t 


AG quoted here is that which would result in coalescence 
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conclusively proved, that the rearrangement process was 
intramolecular and that it occurred vta a trigonal- 


prismatic transition state sce 


3. Experimental Section 


Reactions were carried out under an atmosphere of 
dry, oxygen-free nitrogen. Solvents were distilled from 
LiAlH, and saturated with nitrogen. Carbonyls of 

wel 23 5 EA : 
ruthenium and osmium were prepared by literature 


methods. All other starting materials were commercially 


available, and were used as received except for Co, | 


CO) ,: 
which was sublimed. 

Infrared spectra in the carbonyl region were scanned 
ate 39 cm * min using a Perkin Elmer Model 337 grating 
spectrometer fitted with an external recorder. Spectra were 
referenced with gaseous CO, and reported bands are 
considered accurate to + 1 cm. 

Mass spectra were taken with Associated Electrical 
Industries MS-9 or modified MS-2 instruments. Samples were 
introduced by direct evaporation or sublimation, at 
temperatures just sufficient to produce the spectrum. All 
compounds showed the expected molecular ions (Table XI) 
with consecutive loss of CO and CH, as the dominant feature. 

Proton nmr spectra were measured on Varian A-60 and 
HA-100 spectrometers. Natural abundance mole nmr spectra 
were recorded on a Bruker HFX-90 spectrometer as described 


ing Chapter Lig Toluene-d, or CDCl. solutions were employed 
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to obtain spectra at temperatures below 100°; a spectrum of 
14 at 160° was measured in o-dichlorobenzene. Spectra were 


13, chemical 


assigned using the off-resonance technique. The 
shifts were converted to the external TMS scale using as 
reference CDCl, or the quaternary carbon from toluene-dg, 
whose chemical shifts, on the TMS scale, were taken as 
77.09 and 137.46 ppm, respectively. The error in chemical 
shifts is believed to be + 0.06 ppn. 

The melting points (Table XI) were determined on a 
Unimelt Thomas Hoover apparatus or with a Kofler hot-stage. 
Microanalyses were performed by Alfred Bernhardt 

Microanalytische Laboratorium, Bonn, West Germany, and by 


the microanalytical laboratory of this department. See 


Table XI for analytical data. 
Preparation of 1,2-bis(dimethylsilyl) ethane 


A mixture of 110.6 g (0.85 moles) dimethylvinylethoxy- 
Silane and 2 drops of hexachloroplatinic acid in isopropanol 
(0.1 M), was heated at 75° and 88.5 g (0.94 moles) of 
dimethylchlorosilane was added in dropwise fashion with 
stirring. The rate of addition was adjusted so that the 
temperature of Pneetcaceian mixture did not exceed 90°. 
After the addition was complete, the mixture was refluxed 
for 3 hr. The resulting 1-(dimethylethoxysilyl1) -2-(dimethyl- 
chlorosilyl)ethane was added dropwise to a slurry of 90 g 
(2037 WOLES On LiAlH, in 1000 ml anhydrous ether and 


refluxed for 8 hr. The ether was then replaced by 1.5 l. 
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of Skelly B (petroleum ether bp 50-80°) and the LiAlH, 
residue removed by filtration. The mixture was fractionally 
distilled, affording 69.4 g of 1,2-bis(dimethylsilyl)- 


ethane (bp 115 - 20/704 mm, yield 55.8%). 


Preparation of 1,2-bis(dimethylsilyl)ethane tetracarbonyl- 


Pron, 13. 





A mixture of 2.01 g (10.3 mmoles) Fe (CO), andmiecl sag 
(12.4 mmoles) of the silane in 215 ml Skelly B was 
irradiated with a 450 watt ultraviolet lamp for 45 min. 

The solvent was evaporated in vacuum (10 mm). An infrared 
spectrum showed bands of an impurity, presumably a hydrido 
species, in addition to the main product. Room temperature 
sublimation of the resulting black oil yielded 1.64 g 
(51.2%) of the product as a waxy yellow solid. No further 
sublimation took place, but the residue underwent extensive 


decomposition to Fe,(CO),> and Fe, (CO) g- 


Preparation of 1,2-bis(dimethylsilyl)ethane tetracarbonyl- 


ruthenium, 14. 


A sample of Ruz (CO) 15 (1.400 g, 2.2 mmoles), the 
Sil ane (15 45) 9,92 9 mmoles), and Skelly B (30 ml) were 
placed in a 200-ml Parr autoclave which was pressurized 
with CO to 1000 psi. The autoclave was heated, with 
Stirring, sot l/5° sor 20s, ecCcolecdpmandgunie Gasesswere 
vented. The solvent was evaporated at reduced pressure 


(10 mm) and the remaining solid material was sublimed 
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Onto a water cooled probe at 0.005 mm Hg and room 
temperature, to give 2.085 g (88.8%) of colorless waxy 


solid, 


Preparation of 1,2-bis(dimethylsilyl)ethane tetracarbonyl- 


osmium, i>. 


Triosmium dodecacarbonyl (OR UNG 7a. O.> eimolLes )irand 
the silane (0.637 g, 4.35 mmoles) were brought to reaction 
and worked up exactly as just described. Sublimation 


ae Oraed, 0.66 gq, (89.3%) Of colorless waxy product. 


Preparation of 1,2-tetracarbonylcobaltdimethylsilyl)- 


ethane, 16. 


A sample of Co, (CO) (L295 5c ,ano ae mmo Les and 


8 
1,2-bis (dimethylsilyl)ethane (2.5 g, 17.1 mmoles) were 
placed in a Schlenk tube, and stirred under nitrogen for 
1.5 hr. A vigorous evolution of hydrogen was observed 

Suro vgstnewsrtEsteloumin..Of reaction. Addition, of 
n-pentane (20 ml) to the brown paste precipitated the 
product as a white, crystalline material. Filtration at 

OS Gavcwl.ULg.0t 16, yield 36.1%. The analytical sample 
was recrystallized from CHoCl.. Compound 16 can be handled 
an air, for short) periods, but decomposes wapidly ein 


solution to give Co CO) 9. 
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CHAPTER VII 
CARBON-13 NMR STUDIES OF IRON, RUTHENIUM, 
OSMIUM, MANGANESE, AND RHENIUM CARBONYL 


HYDRIDES AND IODIDES., 
Toerntroaquction 


Over the last six years there have been an increasing 
number of reports on the stereochemically nonrigid behavior 
of six-coordinate complexes in solution. Undoubtedly, the 
most studied were compounds of the type ML,Ho, where 
M = Fe, Ru; L = phosphine and phosphates see ere04, 205 
The presence of the hydride ligands seemed to confer 
dynamic properties to these molecules. 

On the other hand, recent reports from this laboratory 
have provided a new class of stereochemically nonrigid 
six-coordinate molecules. These are compounds of the type 


M(CO) , (ER where M = Fe, Ru, Os; E = Si, Ge, Sn, Pb; 


3) 2" 
E = organic group and halogen, and they have been 


isS 


investigated by 4 nmr,” and especially by C nmr (see 


Chapter ideo oe 

We have extended our Te nmr investigations to 
M(CO) ,X. and M" (CO) -X derivatives (M = Fe, Ru, Os; M' = Mn, 
Re; X = H, I) and the results of this study are presented 
here. Without doubt, the favourite of this chapter is 


206207 and sehemmost celebraved 


aout la nmr, *Pbvele 


Fe (CO) ,H5, thewirest; 
208,209 


208n2 tc 


(infrared, Raman Mossbauer, 


177 


and electron diffraction studies) of all transition 
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metal carbonyl hydrides. A new and improved (although 
Slightly unconventional) way of preparing this hydride is 
described here as well under the generic name of "Polar 
Night Synthesis." New high yield preparative methods for 
M(CO) ,I, (M = Ru, Os) and M' (CO) -I (M' = Mn, Re) are also 


given. 


2. Results and Discussion 


Compounds of the type M(CO) ,X, may exist in solution 
Bavcis, trans, OY as 4 mixture of cis and trans isomers. 
Infrared spectroscopy has most often been used to 
distinguish among these possibilities on the basis that 
four infrared active bands are expected for a cis isomer 
of Coy symmetry, and one for a trans isomer of Dan symmetry. 
However, accidental degeneracy of the single band for the 
trans isomer with one of the four cis bands renders this 
method unreliable.?/ 

Carbon-13 nmr has become a powerful tool in the study 
of such derivatives. For a ets-M (CO) ,X, derivative two CO 
resonances of equal intensity are expected, while for a 
trans-M(CO) 4X, derivative only one 1349 resonance of twice 
the intensity of cis resonances is expected. This indeed 
was observed for the ets-M(CO) 4X, derivatives (M = Fe, Ru, 
Os; X = H, I) studied here with the single exception 
Fe (CO) ,H, noted below. The re chemical shift values are 


given in Table XII, and will be discussed below. 
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Piel § Assignment of CO Resonances 


aie 


The two CO resonances of ets-M (CO) ,H (M = Ru, Os) 


2 
: : 165" 
may be unambiguously assigned from the proton-coupled Cc 
nmr spectra which show an A5X Pattern at dower field for the 


axial carbonyls and an AA'X pattern for the equatorial 


carbonyls at higher field (page 140). This is in agreement 


with previous findings in the ets-M(CO) , (ER series 


3) 2 
(Chapter II), where, for the great majority of cases, the 


Rc resonance of the carbonyl trans to the one-electron 


donor ligand was at higher field. 


The coupling constant method of assigning T3060 


resonances failed for ets—Os (CO) ,Me,, because the 


aH CO) coupling was too small to be resolved. Attempts 


to assign a CO resonances using 34% 13 c-enriched 


aS 


ets—-Os (CO) CH3)5 were also unsuccessful for similar 


4! 
reasons. 


The assignment of ee resonances in ets-M(CO) ,T, 


derivatives (M = Fe, Ru, Os) was assumed to be the same as 
for the hydrido species. 


On the other hand, for M' (CO) -X derivatives, the 


assignment seems straightforward as two 1300 resonances of 


relative intensity 4:1, due ito the radial andiaxial) carbonyls, 


are expected. This indeed was observed for Re (CO) -H (Table 


XII). However, the Gc nmr spectra of Mn (CO) ,H, Mn (CO), I, 


and Re (CO) 1 showed only one broad peak at room temperature. 


This is due to the quadrupole moment of the 2>yn, BES 


and ere isotopes, which can potentially broaden the 


Re, 
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Signals of carbon atoms bound directly to them. eee The 


radial and axial 1346 resonances can nevertheless be 


resolved by "thermal decoupling," a method long known in 


a8 nmr, 7) but only recently applied to 136 nmr. 19? thus, 


Figure 19 shows the variable temperature we nmr spectra 


1kS. 


of CO-enriched Re (CO) ,T (20° spectrum in toluene-d -30° 


3? 
3 ? cD.Cl. Gli) EeecOOM 


temperature the half width of the single TCO resonance is 


and -50° spectra in toluene-d 


7 Hz. Lowering the temperature causes a dramatic narrowing 


Semen? Seresonance,= tO. 5.0 HZ aty=-50° , such that, the 1360 


Signal due to the axial carbonyl may be clearly resolved. 

We would like to stress, however, that "cooling down" 
a sample is not necessarily sufficient to observe "thermal" 
decoupling.* For example, we determined the wale nmr spectrum 
of Mn (CO) ,H in cD,Cl. at -70°, which was no better (as far 
as the half width of the carbonyl resonance was concerned) 
than the spectrum of the same Behe She SOS aes toluene-d, 
(half width 20 Hz). It seems that the viscosity of the 
solvent may be more important than the temperature factor in 
"thermal" decoupling. The resonances due to the radial and 
axial carbonyls of Mn (CO) ,H were resolved at -80° in 


is 


toluene-d, se) Cl. (3:1). The sample was CO-enriched. 


2 


The half width of the resonances due to the radial carbonyls 


was 6.2 Hz. 





* HelpfulydEiscussions with Drv) felacats on this point are 


greatfully acknowledged. 
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20° 
7Hz 
- 30° 
4.4Hz 
=O0e 
302 


Figure 19. Variable temperature m6 nmr spectra (carbonyl 
portion) of Re (CO) ,I in toluene-d, (top spectrum) 


and toluene-d, : CD,Cl. Gis) iy. 
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In all M' (CO) xX derivatives studied here, the nee 


resonance of the axial carbonyl (in trans to the one- 
electron donor) is at higher field than the cc resonance 
of the Pea carbonyls. This was found to be true for 
other pentacarbonylmanganese and pentacarbonylrhenium 
derivatives which have been investigated, (07t01,102 

The axial 1340 resonance of Mn (CO) -I was not observed 
despite a careful search. Only one 1306 peak was observed 
in toluene-d, acn=90 2s (hadeawialniw6n/ HZ) Or in CF. 
Peeoce (hall width 1. 59Hz)e tt may be that the axial and 


HCiaat 


radial carbonyl resonances are accidentally degenerate in 


this compound. The chemical shift difference between radial 


13 


and axial CO resonances decreases on going from Re (CO) ,H 


to Re(CO),I (Table XII), and the same may also apply to 
5 


Mn (CO) -H and Mn (CO) I. 


iS 


The Conny espectrum of Mn (CO) _I was run using a 


13¢0-enriched sample. Although slight preferences in the 


1a 225 


COnexchange sor Mn (CO) -Br have been noted, our exchange 


time ensured enrichment in both radial and axial positions. 
Therefore, another possibility could be '2¢ = rie coupling 


between radial and axial carbonyl carbons which could 


broaden considerably the axial signal. 
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2.2 Carbon-13 Chemical Shifts 


The 8G chemical shift values are given in Table XII. 


The Ere nmr .of Fe (CO) ,H, at -80° shows only one resonance 
rather than the expected two resonances. This aspect will 
be fully discussed below. 

The 1366 resonances are shifted upfield on descending 
asgLroup.of-thespeniodic table on son going to the right of a 
given period. Thus, the order of shielding is Fe < Ru < Os, 
Mn < Re, Mn < Fe, and Re < Os. This was also observed in 
Chapter II, and it may be rationalized using the tT back- 
bonding theory of = chemical shifts (page 43). 

Substitution of the group X has a marked effect on 


3 


CO chemical shifts. For example, in ets—Os (CO) ,Me the 


2° 
1300 resonances are shifted upfield by 9 and 16 ppm as 
compared to Os (CO) ..* The corresponding upfield shift in 
ets-Os (CO) ,H, age’ ALA) Giever 1a ppm. In ets-Os (CO) ,I,, the 
upfield shift is even more pronounced, 27 and 30 ppm with 
regard to Os (CO) .! 

The dramatic shielding effect of iodine has long been 
known, although it has not been satisfactorily explained. 


* The #3 


Genmr of Os (CO), in toluene-d, shows one resonance 
at 182.67 ppm down to -70°. Presumably, the molecule is 


stereochemically nonrigid 


136 
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C Chemical Shifts and 


nel ets-M(CO) ,X, and M' (CO) -X Derivatives. 


Table XII 


3 


a 


Casi Coupling Constants 


lst 








Compound Cow. ee ea Coupling Constants” hemos. 
Fe (CO) 4H, 205.27 9° 193. 
Ru (CO) ,H, 192.54 Mei 293 

192.64 190.43 7 7 19 O23a 
Os (CO) ,H, 3655 T7155 8 7 13 300 
Fe (CO) ,I, 204.57 198.47 298 

204.46 197.82 303 
Ru (CO) 41. 178.24 T7747S 303° 
Os (CO) I, 159. 6048) 156839 303 
Os (CO) ,Me L7FATO 170.58 303 
Mn (CO) .H OPO. 82 Auli ae i 14 193" 
Mn (CO) -1 ee 205.37 183 
Re (CO) .H 1S 263 key ot 8 7 oe 

176503 176.51 223/ 


Re (CO) ,T 
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Footnotes to Table XITI 


Chemical shifts in ppm downfield from TMS; coupling 


constants in Hz. Solvent is toluene-d, except as noted. 


For ets-M(CO) ,X, derivatives, axial and equatorial 
groups defined so that the central metal atom and the 
two X ligands lie in the equatorial plane. For M' (CO) -X 


derivatives, the axial CO is the one in trans to X. 


The three coupling constants given for ets-M(CO) ,H 


2 
2 
derivatives represent 25 (ty-13 0 a 25 1H 1309 ie 
ax cis eq 
3 ‘ 
trans eat Pespectively.. [he stwo coupling 


13 


and 25 (14 
constants given for M" (CO) -H represent 2s (1H- 
15s) 


eit oe: respectively. 


COn and 
ax 


Average value of the three coupling constants (see text). 


Solvent methylcyclohexane-d teniperaturese2ooehk. 


14’ 


CcD.Cl. : CF,HC1 (3:1) solvent. 


Methylcyclohexane-d solvent. 


14 


CD.El 


ofl, solvent 


J Chemical shift of aac -7.60 ppm; 15 (tH- 


cH.) =: eet ae 


Toluene-d, : cD6Cl. (3:1) solvent. 


Resonance not observed, see text. 


J Toluene-d, : CD 


9 Cl. (itl eso fverine 


2 


ve 
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For example, the © chemical™shitts of CHa, CHI, CHoI,, 
Guimandear, dreraau, 74° S2oesressare) t-139!77-+ and 
=292635 4° ppm, respectively. The last value represents the 


most shielded carbon nucleus yet recorded in a diamagnetic 
compound. The shielding of carbon atoms by the adjacent 
iodine atom(s) is often referred to, by organic chemists, 
as the “heavy atom effect." It was suggested that the 
pronounced upfield shifts exhibited by iodo derivatives 
may be due to differences in the spin-pairing features 
associated with electron delocalization. 7!’ 

The upfield shifts observed on replacing a hydrogen 
by iodine in ruthenium and osmium derivatives were between 
12-15 ppm. This effect was less marked for iron, manganese, 
and rhenium derivatives, where the upfield shift was 
5-7 ppm. 

It is interesting to note that the chemical shift 


133 i 
CO resonances in 


difference between axial and equatorial 
the iron, ruthenium, and osmium derivatives varied from 

0.5 to 6 ppm. However, the corresponding difference between 
radial and axial co resonances in manganese and rhenium 
derivatives was considerably smaller (0.4-0.5 ppm). 


The Te nmr of Mn (CO) .H has been determined before, 


219 
and two very broad resonances (width of approximately (5) Hz) 
ato.) “(intensity <L)- and. “77 4ppm (Gantensi tyes) “with 


respect to carbon disulfide were reported. On the TMS 
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scale,* these values would correspond to 192.7 and 210.5 ppm, 
respectively. Although the chemical shift of the radial 
carbonyl resonance is fairly close to the value given in 


Table XII, we believe that the chemical shift of the axial 


219 


carbonyl, as reported by these authors, LSe in eerron ml ie 


half width of our radial 1346 resonance at -80° was 6.2 Hz 


(page 133), just sufficient to resolve the axial T3060 


As: 


resonance. Also, the at ae CO) coupling constants 


determined by us from the proton-coupled =e nmr spectrum 


(Table XII) were identical with the values obtained by 


li nmr of e COlenr iehed Mn (CO) ,H.°*° 


2.3  Carbon-13 Coupling Constants 


The ieee te coupling constants observed in ets-M(CO) ,H, 


and M'(CO) _.H derivatives (M = Fe, Ru, Os; M' = Mn, Re) are 


5 
Givers ie lablee xi ie cecdescribed previously, the proton— 


coupled ee 


C nmr spectrum of a ets-M(CO) ,H, derivative is 
expected to show an AoXx system for the axial carbonyls and 
an AA'X system for the equatorial carbonyls. This indeed 

was observed for ets-Ru (CO) 4H and ets-Os (CO) ,H. (Figure 20), 
although of the six lines expected for the X part of the 


AA'X egy, © Coe 


only the four strong intensity lines 
were resolved. Thus the equatorial carbonyl resonance 


appeared as a doublet of doublets. The AA' part of the 





* The 136 chenreal shirt of Cs 


LOZeG ponies e 


27 on the TMS scale, is 
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173.55 ppm 171.55 ppm 
8Hz 
>] 13 Hz 
3 
7 Hz 


Pero uLere. Ur Proton-decoupled (top) and -coupled Ne nmr 


Spectra of ets-Os (CO) ,H, a0) toluene-d,. 
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AA'X system, i.e., the 136 satellites in the ly nmr spectrum, 


was also difficult to analyse. Therefore, ort Hoe ieee CO.) 


13 | 
feel Oe se values in Table XII are approximate 


and oH 
only, having been obtained by a first-order analysis. The 


Bie line 13 Dressel: 13 
J ( betes ead and “J( bebo ea. could not be 


experimentally distinguished, and it was assumed that the 
larger was due to the trans coupling. The value of the 


trans coupling in ets-Ru (CO) ,H and ets-Os (CO) ,H, was larger 


2 


than the other two couplings, saree Comm) and 


25(1H-co__). 
ax 


For ets-Os (CO) ,H., it was possible to observe 


189, 


ail s-+H) =P 40.5 Hz2e frome cone tH nmr spectrum in 


toluene-d,. 

The axial and equatorial 1306 resonances of Fe (CO) ,H, 
were not resolved even at very low temperatures (see below), 
and the proton-coupled =a6 nmr spectrum at -50° showed a 
binomial triplet indicating equivalent carbonyls and 
protons at this temperature. The observed coupling constant 
(Table XII) would correspond to the average of the three 
coupling constants expected for 4 cis molecule; gor tothe 
weighted average of the coupling constants expected for a 
mixture of cis and trans isomers. 

For M' (CO) ,H derivatives, the cis and trans 
25 (tH-13¢0) coupling constants were readily observed in the 


proton-coupled ae nmr spectrum of Re (CO) -H, although very 


low temperature and ee enrichment were required to resolve 
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these couplings in Mn (CO) ,H. The THAEECO coupling constants 
for Mn (CO) -H were reported previously from the 1h nmr 

BpSct Un aa and we confirm these values. As noted 

earl iemicce the cis coupling in Mn (CO) .H was larger than 
the trans coupling. However, the situation reverses for 

Re (CO) ,H, and the trans coupling is slightly larger than 


the cis coupling. 
2.4 Stereochemical Nonrigidity 


From the dynamic nuclear magnetic viewpoint, molecules 
are divided into two main classes: stereochemically 
nonrigid molecules, which exhibit internal rotations, 
conformational, flipsjening whizzing, proton: transfers, 
or polytopal rearrangements on the nmr time scale, and 
"other" types of molecules, which show none of these 
phenomena on the nmr time scale, and have recently been 
referred to as "the dog in the night-time."57 

Of all compounds described in this chapter, only one, 
Fe (CO) ,H, was found to be stereochemically nonrigid. The 


208,209 


infrared and Ra aieee spectrum of Fe (CO) ,H. indicate 


cis geometry in solution. However, the proton-decoupled 


is nmr of this compound in cD,Cl. : CF5HC1 (3:1) showed 


a single 13c0 resonance at -80°, with a width at half 


height (W 2) of 3 Hz. At -100°, the spectrum showed a 


Ly, 
very broad, flat peak, with Wy 2 =~ L6GpHzy;ewhaich couldibe 
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due to the two resonances of ets-Fe(CO) ,H * This is shown 


2° 
in Figure 21. Spectra at lower temperature could not be 
obtained because of the reduced solubility of the compound. 
The proton-coupled 13, nmr spectrum of Fe (CO) ,H, in 
methylcyclohexane-d, , showed a binomial triplet at -50°, 
thus proving the intramolecular nature of the rearrangement 
process. Presumably, the carbonyl rearrangement process 
in ets—Fe (CO) ,H, occurs vita the trans isomer, as indicated 
Bue Chapter [V for M(CO) , (ER) 5 
13 


The Gannreos ets-Ru (CO) ,H, showed stereochemical 


derivatives. 


rigidity on the nmr time scale at -50° and -20°. Higher 
temperatures were not attempted because of the low thermal 


Stability of this compound. Similarly, ezts-Os(CO) and 


eb) 
were rigid at room temperature and at 90°. 
IES) 


ets—Os (CO) ,Me. 


The room temperature C nmr spectra of ets-Fe(CO) ,I 


2 


in toluene-d, or CD.Cl. showed two resonances due to the 


axial and equatorial carbonyl groups. However, when the 


13, nmr spectrum of ets-Fe (CO) ,T, was determined ina 


mixture of toluene-d, and CHC1., and no precaution was 
taken against exposing the sample to the light, a peak 

at 199.76 ppm was observed in addition to the two resonances 
mentioned above. It is interesting to speculate that this 
resonance is due to the trans isomer of this species. 


+ 


* The AG value for the carbonyl rearrangement in this 


molecule, assuming a chemical shift difference of 10 Hz, 


and a coalescence temperature of -100°, is 8.6 kcal moe 


oy 
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Figure 21. Variable temperature ele nmr spectra of 


ets-Fe (CO) ,H, DRC DRC LeG sar. 
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to the trans isomer, in 


2 
light, was much investigated Serliece |! An attempt has 


been made to determine the tel nmr spectrum of 


PS 


The conversion of ets-Fe (CO) ,I 


eis-Fe (CO) 41, (~“~CO enriched sample in toluene-d, solution, 
degassed and sealed under vacuum) above room temperature, 
However, the compound decomposed rapidly as the probe was 
heated to 80°. 

An electron diffraction eeudy | of ets—Fe (CO) ,H 
showed significant distortion from a regular octahedron 
such that the geometry of this compound could be best 
described as pseudo-bicapped tetrahedral (page 106). 
Perhaps this could explain the low barrier for carbonyl 
rearrangement in this complex. 

On the other hand, the X-ray structure of 


224 


ets-Ru (CO) ,1,, and the neutron and X-ray diffraction 


study of Mn (CO) 77” showed considerably smaller deviations 
from regular octahedral geometry. Both of these compounds 


were found to be stereochemically rigid on the nmr time 


scale, under the conditions stated in Table XII. 
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3. Experimental Section 


NMR instrumentation and technique has been described 
in Chapter II. The proton-coupled cc nmr spectrum of 
ets-Os (CO) ,H, has been determined using gated decoupling. 

Reactions were carried out under an atmosphere of dry, 
oxygen-free nitrogen or argon. Solvents were distilled 
from LiAl1H, and saturated with nitrogen. Nmr solvents were 
dried over Cacl.. 

Carbonyls of ruthenium'7°® and osmium~-” were obtained 
by literature methods. All other starting materials were 
commercially available and were used as received. 


26 , 227 
ets-Os (CO) Ho, 


2 
OY 
BeCOs .i eae eie-Fe (CO) 4I5,°>° and 


9 
2 


Preparation of ets-Ru(CO) ,H 
Mn (CO) .H,“*° 
ets—Os (CO) ,Me was carried out according to published 


procedures. 


peOlar Nighe oynthesis. >: Preparation of ets—Fe (CO) ,H, 


Although the preparation of this compound has been 
described eveeaneiign, On” we give here a modification of the 
above procedure which reduces significantly the reaction 
time from about five days to 6 hr. 

To potassium hydroxide (10 g) and barium hydroxide 
(13 g) were added water (60 ml) and iron pentacarbonyl 
(10 ml), under nitrogen. The mixture was degassed by 
several freeze-thaw cycles at -196°, and was shaken, at 


room temperature and in the dark, for 12 hr. The resulting 


slurry was filtered to yield an orange solution. The 
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solution was concentrated to half its original volume 
under vacuum. 

From this point on, all operations were carried out 
outside, in the middle of a mild Alberta winter night, when 
temperatures were around -10° to -20° C. 

A standard high-vacuum line equipped with a water- 
cooled mercury diffusion pump was taken outside (see 
Frontispiece*). Apiezon L grease was used on all stopcocks; 
turning the stopcocks at these temperatures was facilitated 
by warming them with a heat gun. 

The flask with the orange solution containing 
Fe (CO) ,H K™ was attached to the high-vacuum line, and 


concentrated H,SO, (15 ml) was added dropwise, over 2 hr. 


2° 4 
The volatile materials were fractionated under vacuum 
using two -63° traps and a -196° trap. The ets-Fe (CO) ,H. 
was collected in the -196° trap. The hydride and the solvent 
were distilled into the nmr tube, and the tube was sealed 
under vacuum. 

The hydride ets—Fe (CO) ,H. has been stored in the dark 
at -196°, in a tube sealed under vacuum, for up to six 
months. However, this compound decomposes rapidly above 
-20°. Also, exposure of a tube containing ets-Fe (CO) 4H. 
at -196° to laboratory fluorescent light brought about 


2a) 


decomposition presumably to red HoFe3 (CO), > in less 


* The picture was taken with a Canon FT/QL 55mm f1.2 camera 


equipped with a Mecablitz 185 flash unit. 
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than 15 sec. 

The preparation of ets-Ru (CO) 4H may be carried out 
very conveniently using the conditions just described for 
the iron analog. 


Preparation of ets~Os (CO) ,I, 


Triosmium dodecacarbony! (0.5 g, 0.55 mmol), iodine 
(0.42 g, 1.65 mmol) and benzene (15 ml) were placed ina 
200-ml Parr autoclave which was pressurized with CO to 
600 psi. The autoclave was heated, with stirring, at 160° 
for 13 hr, cooled to room temperature, and then the gases 
were vented. Yellow Crystals’ of ets-Os (CO) ,T. separated 
out, which were removed by filtration and were washed with 
pencanes (lo mL) to; yieldv0.. 80g "3(872%) of product. 

The infrared spectrum of ets-Os (CO) ,I, was Similar to 


that reported by siege and it showed bands at 


Pango hme LOO ONO )s 2065 Ui )ey ands 205007.) em + in 
heptane. 

The ruthenium analog, ets-Ru(CO) ,I,, has been prepared 
Sania ly) bys Dien. eh. POMeCLOY es neOver e90c8 yield. The 
reaction temperature was 100°. The preparation of this 
derivative has been described previously,7-° however, 


attempts to repeat this synthesis in this laboratory were 


unsuccessful. 
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Preparation of Mn (CO) I 


Dimanganese decacarbonyl (1.5 g, 3.85 mmol), 
iodine (0.976 g, 3.85 mmol) and benzene (15 ml) were placed 
in a 200-ml Parr autoclave which was pressurized with CO 
to 550 psi. The autoclave was heated, with stirring, at 
130° for 6 hr, cooled to room temperature, and then the 
gases were vented. 

Biltrataon yielded 0./6 Gq of ruby—red Mn (CO) ,-T, which 
was washed with pentane (15 ml). The residue was evaporated 
at reduced pressure (10 mm) and sublimation (room tempera- 
euGbewana 0.005 mm Hq) “afforded an additional 1l-ill ig of 
product. The infrared spectrum of Mn (CO) .1°7" showed no 
impurities. Total yield 76%. 

Earlier this compound was prepared by direct reaction 
of Mn. (CO) 45 with iodine in a sealed Carius tube at 130- 


236 


140°, The reported yields were lower 


6 


aE ee and the product was contaminated with Mn. (CO), > 


Preparation of Re (CO) <I 


Dirhenium decacarbonyl (1.304 g, 2 mmol), iodine 
(0.508 g, 2 mmol) and benzene (15 ml) were placed ina 
200-ml Parr autoclave which was pressurized with CO to 
1000 psi. The autoclave was heated, with stirring, at 
150° Jfor 2) yhr, cooled totroonstenperarune,; mand sthen the 


gases were vented. Filtration afforded 1.38 g of pale- 
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yellow Re (CO) .I, which was washed with pentane (15 ml). 
The infrared spectrum-~ of the product showed no 
impurities. The residue was evaporated at reduced pressure 
(10 mm) ana sublimation (room temperature and 0.005 mm Hg) 


yielded 0.17 g of product, which contained a small amount 


of Re, (CO) 49: Total yield 86%. 


Enrichment with 1300 
The following compounds were enriched with Got 
; 20] ape 238 22.0 
ets—-Fe (CO) ator ets-Ru (CO) ato: Mn (CO) 5H, Mn (CO) 5lr 


and Re (CO) ,T. The enrichment of the last two compounds 
WasmCarmicdlout, as.cescriped jn Chapter 11, under ultra- 
violet irradiation, and the solvent was cyclohexane. The 
irradiation time (140 watt Engelhard-Hanovia Inc. lamp, at 


10 cm from the flask) was 30 min. and 17 hr, respectively. 
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